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ABSTRACT 
 
 Natural hybridization – when distinct species mate and produce offspring of 
mixed ancestry – is common in nature and provides a window into the process of species 
formation. Hybridization can occur between species during any stage of the speciation 
process, and can lead to many different evolutionary outcomes. Hybridization can cause 
two recently diverged species to fuse back into one, or it can finalize speciation during 
the later stages when distinct species come back into contact and mate. Because of these 
various evolutionary outcomes, we need a clear understanding of the mechanisms that 
cause species to hybridize in the first place, as well as an appreciation for the 
evolutionary consequences of hybridization when it does occur. This dissertation is an 
integrative study aimed at examining the ecological causes and evolutionary 
consequences of hybridization between two passerine songbird species that hybridize 
extensively across North America, the black-capped (Poecile atricapillus) and Carolina 
(Poecile carolinensis) chickadee. First, I identify factors that are likely important in 
causing these two species to come into contact and hybridize in the first place, and may 
determine why the hybrid zone exists where it does. I find that climatic factors are most 
important for determining distribution patterns in one species, while interspecific 
interactions are probably more important for the other species. This has implications for 
ongoing climate change and the northward movement of the chickadee hybrid zone. 
Next, I test the potential for learning and memory – two traits crucial for survival in 
chickadees – to play a role in selection against hybrids. I find that hybrid chickadees 
possess reduced learning and memory abilities compared to pure-species individuals, 
which suggests a role for cognition in postzygotic reproductive isolation. Finally, I 
 2 
examine the genomic outcomes of hybridization between these species and ask whether 
the genomic architecture of reproductive isolation is likely to vary across geography. In 
total, this dissertation takes a highly integrative approach to address fundamental 
questions regarding hybridization and its role in the speciation process.  
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CHAPTER ONE: INTRODUCTION 
A longstanding goal in evolutionary biology is to understand the origin and 
maintenance of species. Natural hybridization – where distinct species come into contact 
and mate – provides a window into the process of species formation and can highlight the 
barriers that reduce gene flow between species (Abbott et al. 2013). Hybridization can 
lead to many different evolutionary outcomes, all of which influence the speciation 
process in some way. For example, hybridization often leads to the production of unfit 
hybrid offspring, which may strengthen the reproductive barriers keeping species distinct. 
This process, termed reinforcement, can finalize the speciation process (Servedio & 
Noor, 2003). Alternatively, hybridization may reduce biodiversity by causing two species 
to fuse back into one (Taylor et al. 2006; Kearns et al. 2018). Finally, hybridization can 
act as an evolutionary stimulus through the formation of completely new hybrid lineages 
(Gompert et al. 2006; Mallet 2007), or by promoting the introgression of adaptive genetic 
material across species boundaries (Arnold 1997; Grant & Grant 2010). Given these 
possible outcomes and the fact that an estimated 10% of all animal species hybridize in 
nature (Mallet, 2005), it is clear that a full understanding of the ecological causes and 
evolutionary consequences of hybridization is needed in order to fully appreciate how 
new species are formed.  
In this dissertation, I address three fundamental questions regarding natural 
hybridization. First, what are the ecological and environmental factors that are most 
important for determining why and where species hybridize? Second, once hybrid 
offspring are produced, what kinds of selection pressures, if any, do they face? Finally, 
what are the genomic outcomes of hybridization, and what can these outcomes tell us 
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about the evolution of reproductive isolation between species? I address these questions 
by studying two species of locally occurring passerine songbirds that hybridize where 
their ranges meet, the black-capped (Poecile atricapillus) and Carolina (P. carolinensis) 
chickadee.  
Black-capped and Carolina chickadees are sister taxa, estimated to have diverged 
from a common ancestor as far back as 4 million years ago, based on an approximate 6% 
sequence divergence in mitochondrial DNA (Gill et al. 2005; Harr & Price 2014; Harris 
et al. 2014). These species hybridize extensively within a narrow hybrid zone that 
stretches over 1000 kilometers from Kansas to New Jersey (Bronson et al. 2005) (Fig. 
1.1). Hybridizing chickadees represent a unique a system for addressing fundamental 
questions regarding hybridization and speciation for many reasons. First, the chickadee 
hybrid zone is moving rapidly northward at a rate of approximately 10 km/decade, with 
P. carolinensis moving into territory historically occupied by P. atricapillus and 
displacing them (Reudink et al. 2007; Taylor et al. 2014a). This northward movement has 
been linked to past climate change and correlates with warming winter temperatures. 
However, questions remain about whether this northward movement is uniform across 
the length of the hybrid zone, or if it is localized to only some areas. In addition, it is 
unclear whether this northward movement is likely to continue into the future, and what 
this may mean in terms of the integrity of the hybridizing species. In chapter two of this 
dissertation, I utilize a species distribution modeling framework to address these 
questions, and to examine the relative importance of biotic and abiotic factors in shaping 
distribution patterns in these species. 
Next, strong selection appears to be acting on hybrid chickadees at early 
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developmental stages, in the form of reduced hatching success (Bronson et al. 2003b, 
2005). In general, hybrid offspring may be selected against because they are not well 
adapted to their external environment (i.e. extrinsic postzygotic isolation (Hatfield & 
Schluter, 1999; Coyne & Orr, 2004)), or because they suffer developmental or 
physiological defects (i.e. intrinsic postzygotic isolation (Teeter et al. 2008; Seehausen et 
al. 2014)). In the case of intrinsic reproductive isolation, these hybrid defects are often 
caused by genetic incompatibilities, where genes that have evolved in allopatry 
recombine in hybrid genomes and negatively interact (Presgraves 2010). Importantly, this 
type of reproductive isolation is independent of the external environment, and hybrids 
will be unfit regardless of their surroundings. This appears to be the case in chickadees, 
as hybrid clutches have significantly lower hatching success than pure species clutches, 
even when the external environment is held constant (Bronson et al. 2003b). These lines 
of evidence suggest that selection against hybrids is intrinsic and may result from genetic 
incompatibilities. However, genetic introgression across the chickadee hybrid zone still 
occurs, suggesting that at least some hybrids are viable and fertile in the face of 
substantial selective pressure (Sattler & Braun 2000; Taylor et al. 2014a; McQuillan et al. 
2017). Thus, little is known about any additional selection pressures experienced by 
hybrids, or whether hybrids possess deficiencies not directly related to reproduction. In 
the third chapter of this dissertation, I address this question by performing behavioral 
experiments to compare learning and memory – two traits crucial for survival in 
chickadees – between pure-species and hybrid birds. If hybrid chickadees are deficient in 
these ecologically relevant traits, then learning and memory ability may represent a novel 
reproductive isolating barrier. 
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Finally, due to the fact that the chickadee hybrid zone spans a large geographic 
area (Fig. 1.1), hybridization is occurring across a range of different environmental, 
ecological, and climatic contexts. Further, chickadees display considerable levels of 
intraspecific genetic variation across their widespread ranges (Adams & Burg 2015; Gill 
et al. 2005), which could lead to variable evolutionary outcomes when hybridization 
occurs at different points along the hybrid zone. This provides the unique opportunity to 
tease apart the effects of environmental and genetic variation on the genomic basis of 
reproductive isolation. When species hybridize, genetic regions that exhibit reduced 
introgression across species boundaries, or are closely linked to such areas, may contain 
genes important for maintaining reproductive isolation (Barton & Hewitt, 1985; Gompert 
et al. 2017). In contrast, gene regions that provide a fitness advantage in hybrid genomic 
backgrounds will introgress readily across species boundaries (e.g. Norris et al. 2015). 
Next generation sequencing technologies now provide the opportunity to study the 
genomic architecture of reproductive isolation and these patterns of genetic introgression 
in fine detail (Teeter et al. 2010; Janousek et al. 2012; Taylor et al. 2014b). While these 
methods have been effective in identifying candidate genomic regions responsible for 
causing reproductive isolation between naturally hybridizing taxa (Payseur & Hoekstra 
2005; Schumer et al. 2014), most studies have focused on only one hybrid zone transect 
(but see Teeter et al. 2010; Larson et al. 2014; Kingston et al. 2017). Therefore, questions 
remain about how consistent these genomic signatures of reproductive isolation are 
across space, and whether the same reproductive isolating mechanisms are acting in 
separate bouts of hybridization within the same species pair. In the fourth chapter of this 
dissertation, I lay the groundwork for addressing these question in hybridizing 
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chickadees.  
Together, this dissertation examines some longstanding questions concerning the 
role of hybridization in the speciation process. Further, the research contained in this 
thesis is integrative in nature and broad in scope. For example, in chapter two, I use 
niche-modeling techniques to tie in the effects of climate and climate change on species 
distribution patterns, which has relevance for conservation. In chapter three, I utilize 
behavioral experiments to examine the effects of hybridization on cognitive ability, 
which has rarely been examined as a potential reproductive isolating barrier. In chapter 
four, I ask whether the genomic signatures of hybridization are likely to vary across 
geography, which has implications for many species that share very long zones of contact 
or are now coming into contact because of anthropogenic change (e.g. Garroway et al. 
2010). Therefore, the results gained from this work represent a significant contribution to 
our understanding of how new species are formed and maintained. 
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FIGURES 
 
 
 
 
Figure 1.1. Approximate geographic ranges for black-capped and Carolina chickadees. 
Approximate location of hybrid zone shown in red. 
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CHAPTER TWO 
 
DIFFERENTIAL EFFECTS OF CLIMATE AND SPECIES INTERACTIONS ON RANGE LIMITS 
AT A HYBRID ZONE: POTENTIAL DIRECT AND INDIRECT IMPACTS OF CLIMATE 
CHANGE 
 
This chapter is adapted from: 
McQuillan, M. A., and A. M. Rice. 2015. Differential effects of climate and species 
interactions on range limits at a hybrid zone: Potential direct and indirect impacts of 
climate change. Ecology and Evolution 5: 5120–5137. 
 
 
INTRODUCTION 
 A major focus in the fields of ecology and evolutionarybiology is to tease apart 
the relative contributions of abiotic and biotic factors in shaping species distributions 
(MacArthur 1972; Sexton et al. 2009). The effects of abiotic factors, such as climate, on 
species distributions are especially important to examine given the rapid rate of global 
climate change (Hutchinson 1957; Parmesan 2006). Biotic factors, such as interspecific 
interactions, also play a major role in determining species distributions (Connell 1961; 
Bullock et al. 2000; Case et al. 2005; Cunningham et al. 2009). When species’ ranges are 
adjacent to one another (i.e., parapatric), access to climatically suitable habitat could be 
limited due to negative interspecific interactions with competitors, predators, or mates 
(Case and Taper 2000; Anderson et al. 2002; Arif et al. 2007; Gröning and Hochkirch 
2008). In such cases, there is often a mismatch between a species’ realized distribution – 
where it actually occurs – and its potential distribution, which includes all habitat areas 
that are climatically suitable. Yet, even when biotic factors outweigh abiotic factors in 
shaping a species’ distribution, climatic factors may have significant indirect impacts if 
such factors strongly influence the distribution of an interacting species (Thomas 2010). 
Such indirect impacts of climate are likely to become increasingly important as climate 
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change-mediated range changes bring previously isolated species into contact.  
The study of closely related species that form contact zones at parapatric range 
edges can provide insight into the factors determining range limits (Cicero 2004; Swen- 
son 2006). For example, interspecific competition within a contact zone can cause one 
taxon to be competitively excluded from colonizing novel areas (Case et al. 2005), 
regardless of the presence of climatically suitable habitats. If competitive ability is 
asymmetric between species, the distribution of the superior competitor may be 
determined by abiotic factors, while the inferior competitor may be limited to areas not 
climatically suitable for the superior competitor (Arif et al. 2007; Jankowski et al. 2010; 
Gutierrez et al. 2014). In a similar fashion, the production of unfit hybrid offspring within 
a contact zone can limit range expansion by one or both parental species into climatically 
suitable habitats (Goldberg and Lande 2006). Thus, natural hybrid zones are particularly 
interesting examples of range boundaries, due to the interplay of intrinsic and extrinsic 
forces that determine their position in space and time.  
Hybrid zones can be maintained by a variety of selective regimes (Teeter et al. 
2008; Delmore et al. 2013; Smith et al. 2013). First, a hybrid zone might be maintained 
due to a balance between dispersal of parental forms into the zone and strong intrinsic 
selection against hybrids (i.e., a tension zone) (Barton and Hewitt 1985, 1989; Barton 
2001). The location of tension zones are therefore dependent on the densities of the 
hybridizing species, and can move across the landscape and settle in troughs of low 
population density. Alternatively, selection against hybrids can be extrinsic and depend 
on abiotic environmental factors (Kruuk et al. 1999). Under this scenario, selection may 
favor one parental type at each end of an environmental gradient, and the hybrid zone 
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might be located at an ecotone or environmental transition (Endler 1977). Finally, a 
hybrid zone’s position may be maintained because hybrids experience a selective 
advantage in intermediate environments (i.e., bounded hybrid superiority) (Moore 1977). 
In each of these cases, interactions between biotic and abiotic factors will be important 
for determining species range limits. 
In this chapter, I examine the hybrid zone between black-capped (Poecile 
atricapillus) and Carolina (P. carolinensis) chickadees to elucidate the relative 
importance of abiotic and biotic factors in shaping species distributions along a natural 
hybrid zone. The chickadee hybrid zone is ideal for this purpose for multiple reasons. 
First, as stated previously, strong intrinsic selection acts against hybrid chickadees in the 
form of lower hatching success (Bronson et al. 2003b, 2005). For this reason, the 
chickadee hybrid zone is hypothesized to be a tension zone. Second, the hybrid zone is 
moving rapidly northward, and this movement has been linked to past climate change and 
correlates with warming winter temperatures (Taylor et al. 2014a). Finally, behavioral 
work suggests that P. carolinensis males are competitively dominant over P. atricapillus 
males (Bronson et al. 2003a). With evidence suggesting roles for both biotic 
(interspecific hybridization, competition) and abiotic (climate) factors underlying 
distribution patterns in these species, the chickadee system is ideal for evaluating the 
relative importance of each for determining range limits.  
Here, I use a species distribution modeling (SDM) framework to address two 
goals. First, by characterizing the mismatch between potential and realized distributions 
along a naturally occurring hybrid zone, I sought to determine the relative importance of 
biotic and abiotic factors in shaping the geographic ranges of these two hybridizing 
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chickadee species. Second, using recent climate change projections, I assess the potential 
direct and indirect effects of future climate change on the distribution patterns and hybrid 
zone movement dynamics in these species.  
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METHODS 
We can gain insight into the relative importance of abiotic and biotic factors for 
determining species distribution patterns by measuring the extent of suitable habitat left 
unoccupied by a species. One method of characterizing this mismatch between a species’ 
potential and realized distribution is species distribution modeling (SDM; Swenson 2008; 
Elith & Leathwick 2009; Franklin 2009). Correlative species distribution models 
characterize a species’ niche by extracting environmental predictor variables (climate, 
elevation, soil type, etc.) from locations where the species is known to occur. This 
information, in conjunction with a statistical model, is used to determine the probability 
that the species will occur along each environmental axis; these occurrence probabilities 
are then projected onto a geographic study area. When used with climate variables, SDM 
can reveal the potential, climatically suitable niche of a species. This potential 
distribution can then be compared to the species’ realized distribution. Once the potential 
distribution of a species has been modeled under current climate conditions, further 
analyses can project suitable habitat areas under a variety of predicted climate change 
scenarios (Hijmans and Graham 2006). Such analyses can inform biologists about 
potential species range shifts in the face of rapid environmental change (Engler et al. 
2013; Wisz et al. 2013).  
  
Data Acquisition and Filtering  
I extracted climate data from the WorldClim database (worldclim.org, Hijmans et 
al. 2005) at a 2.5-arc-minute resolution (~5 km2). For distribution modeling, I used 
altitude plus a total of 19 bioclimatic variables (Table 2.1), which represent annual trends 
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in temperature, precipitation, extreme climatic factors, and seasonality. I acquired climate 
data for two time periods: contemporary conditions (averages for the years 1950–2000) 
and future conditions predicted for the year 2050 (averages 2041–2060). Climate layers 
were formatted to include the complete geographic range of both chickadee species.  
I acquired species occurrence locations from eBird (Sullivan et al. 2009), a 
publicly available citizen science database (ebird.org, n = 12,947), and from geo-
referenced museum specimens downloaded from the Global Biodiversity Information 
Facility (gbif.org, n = 324). I only used occurrence records taken during the breeding 
season (May and June) for distribution modeling. I further limited the dataset to records 
from the years 1950 to 2000 in order to match with the timescale of available climate 
data. Because presence-only SDM methods assume unbiased, random sampling (Phillips 
et al. 2009; Yackulic et al. 2013), I took multiple measures to correct for any sampling 
bias in my occurrence dataset. First, because species identification may not be accurate 
within or near the contact zone (Kroodsma et al. 1995; Curry et al. 2007), I ensured that 
presence records represented pure-species individuals by filtering the dataset as follows. 
First, I split my geographic study area into 0.17° (~20 km2) grid cells. If a grid cell 
contained presence records from both species, that location was considered to be within 
the contact zone and those records were discarded. Including records from both species in 
these locales did not significantly affect the models (data not shown). Second, to reduce 
spatial bias and spatial autocorrelation in my occurrence records, I further filtered the 
dataset by reducing multiple occurrence records to a single record within a given 
Euclidian distance (Veloz 2009; Boria et al. 2014). Specifically, I employed a graduated 
filtering method based on climate heterogeneity using the program SDMtoolbox (Brown 
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2014). With this method, the first three principal components were calculated for all input 
climate data and then used to estimate climate heterogeneity. This splits the study area 
into areas of high and low climate heterogeneity. In areas where climate is highly 
heterogeneous, occurrence records were filtered at a resolution of 5 km. In contrast, in 
areas of low climate heterogeneity, occurrence records were filtered at a resolution of 25 
km. Finally, because my occurrence records still appeared to be spatially biased toward 
some areas, I took this spatially rarefied dataset and used it to generate a Gaussian kernel 
density map that up-weights occurrence records with fewer neighbors in geographic 
space, using the program SDMtoolbox (Brown 2014). I used the output map from this 
analysis as a bias grid in all modeling runs (Elith et al. 2011; Fourcade et al. 2014). Even 
after taking these measures, completely removing all sources of bias from citizen science 
databases is difficult. However, for geographically widespread species such as 
chickadees, eBird occurrences offer certain advantages that planned, systematic sampling 
surveys cannot. My occurrence dataset is more geographically extensive than any single 
random sampling effort and thus likely captures a more representative set of 
environmental conditions experienced by the focal species across the entire landscape. 
After applying these filtering constraints and removing duplicate records, I used 2345 
Black-capped (P. atricapillus) and 490 Carolina (P. carolinensis) chickadee records for 
constructing the final species distribution models.  
 
Species Distribution Modeling 
If abiotic factors, such as climate, are important for shaping species distributions, 
then the potential, climatically suitable distribution of a species should closely match that 
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species’ realized distribution. Conversely, if biotic factors, such as negative interspecific 
interactions, are more important for determining range limits, then a species’ potential 
distribution should extend far beyond its realized range. Applying these predictions to 
hybrid zones, if a zone’s location is determined by the outcomes of interspecific 
interactions (biotic factors), then the potential distribution of both hybridizing species 
should extend beyond the hybrid zone and into the actual range of the other species. If, 
however, a hybrid zone’s location is determined by abiotic factors, such as climate, then 
the potential range of each species should not extend beyond the contact zone between 
them.  
I used the SDM program MAXENT (ver. 3.3.3k, Phillips et al. 2006) to model 
potential distributions for both species. I chose MAXENT because it performs relatively 
well compared with other modeling methods and requires species presence data only 
(Elith et al. 2006). MAXENT extracts climatic data from each species occurrence 
location and uses this information in conjunction with random background sampling to 
estimate the distribution of suitable habitat conditions across geographic space. Suitable 
habitat is estimated according to the principle of maximum entropy, where the most 
likely distribution is the one that is the most spread out, or closest to uniform, subject to 
constraints imposed by the chosen climate variables (Phillips et al. 2006; Elith et al. 
2011). I used the logistic output in MAXENT, which assigns each grid cell of the study 
area a value between 0 (unsuitable habitat) and 1 (fully suitable habitat). I converted 
these output grids to heat maps with warmer colors indicating higher predicted habitat 
suitability, and visualized them in ArcMap (ver. 10.2.2).  
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I used the default MAXENT settings to model potential distributions for both 
species. I ran each model 10 times using a 10-fold cross-validation procedure, which 
splits the species occurrence data into 10 independent subsets, each with the same 
number of occurrence points (Elith et al. 2011). Nine subsets are used to train the model, 
and one subset is used to test the model. By repeating this procedure with all possible 
combinations of subsets, the true predictive power of the model can be evaluated. I report 
the average of these 10 runs as my modeling results, and also use this average for all 
further analyses, except as noted below. Furthermore, I used the AUC (area under curve) 
of the ROC (receiver operating characteristic) statistic to evaluate the fit of the models to 
the test data (Fielding and Bell 1997; Araujo et al. 2005).  
Because species distribution models constructed in MAXENT can be sensitive to 
the specific climate variables chosen (Rodder & Lotters 2009), I ran several independent 
distribution models consisting of different subsets of climate variables. First, I ran one 
model for each species using the full set of 19 bioclimatic variables plus altitude (‘Full’ 
models). Next, I used the results from the full models and ran another set of models using 
only the top five climate variables contributing to construction of the full models for each 
species (‘Reduced’ models). This method of model simplification resulted in one reduced 
model for each species based on different subsets of variables, as the relative 
contributions of the climate variables to the full models differed between the species.  
Finally, because bioclimatic variables are often highly correlated, I selected only those 
variables from the original set that were relatively uncorrelated with one another. To do 
this, I randomly selected 10,000 background points from the geographic study area and 
extracted the climate data from each point. I then determined the degree of correlation for 
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each variable pair by calculating pairwise Pearson’s correlation coefficients (r) (Table 
2.2). Because annual mean temperature (bio1) contributed most to the full models for 
both P. atricapillus and P. carolinensis (see Results), I first dropped all climate variables 
that were correlated with this variable (r > 0.7). I then used the pairwise correlation 
matrix to randomly drop one climate variable from each pair of the remaining variables 
whenever the pairwise r > 0.7, until I was left with a set of relatively uncorrelated 
variables. I used this set of uncorrelated variables to run one additional model for each 
species (‘Uncorrelated’ models). Because the 10,000 background points included the 
range of both species, the uncorrelated variables were the same for both species. Table 
2.1 lists the climate variables used for each of the three model types (Full, Reduced, and 
uncorrelated models).  
To assess similarity between models run using different sets of predictor 
variables, I calculated Pearson’s correlation coefficient (r) for the output logistic values 
between each pair of models using the program SDMtoolbox (Brown 2014; Table 2.3). I 
conducted the same correlational analysis to compare modeling output under a variety of 
predicted future climate scenarios for both species (Tables 2.4, 2.5). Additionally, in 
order to determine which climate variable most influences model prediction across the 
study area, I employed a limiting factor analysis as described in Elith et al. (2010). This 
analysis returns a map of the geographic study area and indicates the climate variable that 
most influences model prediction at each individual grid cell. The analysis accomplishes 
this as follows: At each grid cell, the value of each climate variable is changed in turn, 
and the variable which when changed, leads to the largest increase in predicted 
probability of occurrence, is considered the limiting climatic variable. Because the 
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limiting factor analysis could not be performed on the average output of my 10 cross-
validated runs, I ran one additional full model for each species where all of the 
occurrence data were used for training the model. I performed the limiting factor analysis 
on the results from these full models, for both chickadee species (see Elith et al. 2010, 
appendix S3, for further information and code used to implement this analysis in 
MAXENT). 
My second goal was to assess the potential direct and indirect effects of climate 
change on the species distributions and hybrid zone movement. To do this, I projected the 
MAXENT results from the distribution models of both species onto climate conditions 
for the year 2050, using climate data based on two different climate change scenarios 
derived from the Intergovernmental Panel on Climate Change’s Fifth Assessment Report 
(IPCC 2013). Specifically, I used two general circulation models (GCMs), to account for 
uncertainty in climate change predictions: the HadGEM2-ES (Hadley Global 
Environment Model 2 – Earth System) and CCSM 4.0 (Community Climate System 
Model) GCMs (Collins et al. 2011; Jones et al. 2011). For each of these two general 
circulation models, I examined two different representative concentration pathways 
(RCPs), which describe predicted greenhouse gas concentration trajectories for the years 
to come. The two concentration pathways I used represent a relatively optimistic future 
(RCP 4.5), where greenhouse gas emissions begin to decline after the year 2040, and a 
relatively pessimistic future (RCP 8.5), where emissions rise consistently throughout the 
next century (Meinshausen et al. 2011). I acquired climate layers for these future 
scenarios from the WorldClim database (worldclim.org). 
In order to quantify species distribution changes under future climate change, I 
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performed an additional analysis where I converted my SDMs for contemporary and 
future (year 2050) conditions from a continuous logistic output to a binary classification 
of either suitable or unsuitable area, using a threshold approach. I chose the ‘maximum 
training sensitivity plus specificity’ as specified by MAXENT as my threshold, where 
grid cells with values greater than the threshold were classified as suitable habitat and 
grid cells with values lower than the threshold were classified as unsuitable. I chose this 
particular threshold because it has been shown to give a relatively accurate 
presence/absence prediction compared with other thresholds (Liu et al. 2005). Once 
converted to a binary format, I calculated the area (km2) of range expansion, range 
contraction, and no distribution change between contemporary and future SDMs for both 
species and visualized these results using the program SDMtoolbox (Brown 2014). 
Because the different future climate change scenarios predicted similar areas of habitat 
suitability (see Results), I only conducted this analysis using the HADGEM2-ES general 
circulation model under RCP 4.5.  
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RESULTS 
  My SDM results show a large mismatch between the potential and realized 
distribution along the hybrid zone for P. atricapillus, but not for P. carolinensis (Figs. 
2.1 and 2.2). The P. atricapillus potential, climatically suitable distribution extends south 
beyond the hybrid zone, and into the actual range of P. carolinensis (Figs. 2.1a, 2.2a). 
This mismatch was not seen in the P. carolinensis distribution models; the potential 
distribution closely matches the species’ actual, realized distribution (Figs. 2.1b and 
2.2b).  
All three models run using different sets of climatic predictor variables showed a 
high degree of similarity in the habitat areas that were predicted to be climatically 
suitable. All pairwise Pearson’s correlation coefficients (r) between the three model types 
(full models, reduced models, uncorrelated models) for both species were >0.96 (Table 
2.3). For this reason, I present here only the results from the full models. The full models 
performed well for both species across the 10 cross-validated runs, according to the AUC 
statistic (P. atricapillus AUCmean = 0.843, AUCSD = 0.007; P. carolinensis AUCmean = 
0.962, AUCSD = 0.002). According to the criteria described by Araujo et al. (2005), 
predictive performance was “good” for P. atricapillus and “excellent” for P. carolinensis 
(Araujo et al. (2005), adapted from Swets (1988)). Because the AUC statistic is sensitive 
to the overall size of a species’ distribution relative to the geographic study area (Phillips 
et al. 2006), the differences in AUC values reported here may reflect the range size 
differences between the two species, rather than any fundamental differences in 
predictive ability. The subset of climate variables with the highest relative contribution to 
construction of the full models differed slightly between the two species. For P. 
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atricapillus, annual mean temperature contributed most to the model (79.2%), followed 
by maximum temperature of the warmest month (4.3%) and precipitation of the driest 
quarter (4.3%). For P. carolinensis, annual mean temperature also contributed most to the 
model (42.3%), followed by precipitation of the driest quarter (39.7%) and mean 
temperature of the warmest quarter (4.9%) (see Table 2.6 for percent contributions of all 
climate variables to the models and Figure 2.3 for response curves for highest 
contributing climate variables).  
The limiting factor analysis indicated that throughout the current range of P. 
carolinensis, the limiting climate variable varies considerably (Fig. 2.4a). However, I 
was most interested in identifying the climate variables that, when changed, lead to the 
largest increase in the predicted probability of occurrence beyond the current species 
range limits. To this end, I found that different climatic factors limit P. carolinensis at the 
eastern vs. western portion of the hybrid zone. At the eastern part of the contact zone, 
areas north of the zone are limited primarily by annual mean temperature (Bio1) and 
mean temperature of the warmest quarter (Bio10). In contrast, at the western portion of 
the hybrid zone, P. carolinensis’ northern range edge is limited primarily by precipitation 
of the driest quarter (Bio17) (Fig. 2.4a). The conclusion that temperature variables are 
limiting factors at areas northeast of the hybrid zone supports previous reports that 
warming temperatures were responsible for the northward shift of the hybrid zone over 
the last decade in these areas (Taylor et al. 2014a). The limiting factor analysis for P. 
atricapillus also indicated that the primary limiting climatic factor varies throughout the 
range (Fig. 2.4b). Along the northern range edge of P. atricapillus throughout much of 
Canada and Alaska, minimum temperature of the coldest month (Bio6) is a key limiting 
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factor. In contrast, along much of the contact zone with P. carolinensis, the limiting 
factor is maximum temperature of the warmest month (Bio5) (Fig. 2.4b).  
When distribution models were projected onto future predicted climate scenarios 
for the year 2050, both P. atricapillus and P. carolinensis show a predicted northward 
shift in suitable habitat (Fig. 2.5). The predicted suitable habitat under both GCMs was 
similar (r > 0.87, Tables 2.4, 2.5), so I present here only the results from the 
HADGEM2-ES general circulation model. Suitable habitat for P. carolinensis is 
predicted to drastically shift to the northeast under both optimistic and pessimistic climate 
change scenarios (Fig. 2.5a,b). This predicted shift closely corresponds with locations 
where P. carolinensis have been reported to be moving north, in both Ohio (Bronson et 
al. 2003b) and Pennsylvania (Reudink et al. 2007; Taylor et al. 2014a). Future models 
also show that higher elevation areas along the Appalachian Mountains will become 
climatically suitable for P. carolinensis in the years to come (Fig. 2.5a,b). The northward 
shift of suitable habitat for P. atricapillus is less drastic at the contact zone compared 
with P. carolinensis. However, areas near the northern range edge of P. atricapillus in 
Canada and Alaska show a higher predicted climatic suitability by the year 2050 (Fig. 
2.5c,d). Interestingly, future climate models predict a contraction in suitable habitat away 
from the current location of the hybrid zone for both species along the western half of the 
zone (Fig. 2.5).  
My binary SDM area analyses of potential range shifts for P. carolinensis under 
future climate conditions (year 2050) show large areas of both range expansion and range 
contraction (Fig. 2.6a). Areas of range expansion for P. carolinensis were identified in 
high elevation areas of the Appalachians, as well as areas northeast of the hybrid zone. 
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Areas of future range contraction, on the other hand, were identified within the core of 
the range of P. carolinensis, as well as most areas south of the hybrid zone toward the 
western part of the range. The total area of suitable habitat for P. carolinensis is predicted 
to shrink under future climate change, as I identified a larger area of predicted range 
contraction (939,530 km2) than range expansion (611,480 km2) (Fig. 2.6a). For P. 
atricapillus, range contraction along the hybrid zone is also predicted under climate 
change, especially along the western half of the contact zone (Fig. 2.6b). Because my 
current models predict climatically suitable habitat extending beyond the contact zone 
along much of the eastern part of the zone, predicted range contractions in these areas are 
likely to be less drastic for P. atricapillus. In fact, most areas along the eastern part of the 
contact zone are predicted to still be climatically suitable for P. atricapillus by the year 
2050. In contrast to P. carolinensis, the total predicted area of climatically suitable 
habitat for P. atricapillus is predicted to grow under future climate change, with a larger 
area of predicted range expansion (3,478,245 km2) than range contraction (1,121,908 
km2) (Fig. 2.6b). Again, because range limits for P. atricapillus are regulated more by 
biotic than abiotic factors along the contact zone, these results should be interpreted with 
caution. 
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FIGURES 
 
Figure 2.1. MAXENT species distribution models for P. atricapillus and P. carolinensis 
under contemporary conditions. (a) Black-capped (P. atricapillus) chickadee potential 
distribution. (b) Carolina (P. carolinensis) chickadee potential distribution. Warmer 
colors indicate higher predicted habitat suitability. Species occurrence points used for 
modeling shown as blue circles. Approximate location of hybrid zone drawn as heavy 
black line. 
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Figure 2.2. Species distribution models (Full Models) zoomed in on hybrid zone. (a) The 
potential distribution for Black-capped (P. atricapillus) chickadees extends south beyond 
the hybrid zone, into the actual range of the Carolina chickadee. (b) The potential 
distribution for the Carolina (P. carolinensis) chickadee does not extend beyond the 
contact zone.  
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Figure 2.3. MAXENT response curves for highest contributing climate variables. The 
response curves for the top three contributing variables to construction of the full models 
for both species (P. atricapillus on left, P. carolinensis on right). Response curves show 
how the logistic output changes along each corresponding climate axis. Response curves 
were generated by running a MAXENT model using only the corresponding variable. 
Red lines indicate the mean response of the 10 replicated runs, while blue lines show +/- 
one standard deviation.   
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Figure 2.4. Results for limiting factor analysis. (a) Limiting factor analysis for P. 
carolinensis. Areas northeast of the hybrid zone limited primarily by Annual Mean 
Temperature (Dark blue) and Mean Temperature of the Warmest Quarter (Dark green). 
Areas west of P. carolinensis limited primarily by Precipitation of Driest Quarter 
(Yellow). (b) Limiting factor analysis for P. atricapillus. Areas along much of the contact 
zone itself limited by Maximum Temperature of the Warmest Month (Light green). Areas 
south of the hybrid zone limited primarily by Annual Mean Temperature (Dark blue). 
Northern edge of range limited by Minimum Temperature of Coldest Month (Light gray). 
Note that some variables are only limiting for one species. 
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Figure 2.5. Year 2050 climatically suitable areas for P. carolinensis and P. atricapillus. 
Potential distributions (Full models) projected onto predicted climatic conditions for the 
year 2050, under the general circulation model HADGEM2-ES. Poecile carolinensis 
climatically suitable areas for representative concentration pathways (RCPs) (a) 4.5 and 
(b) 8.5. Poecile atricapillus climatically suitable areas for RCPs (c) 4.5 and (d) 8.5.  
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Figure 2.6. Range expansion/contraction under climate change. Area distribution 
changes between binary SDMs for current and future (year 2050) climate conditions.  
(a) Change in binary SDMs for P. carolinensis. (b) Change in binary SDMs for P. 
atricapillus.  
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TABLES 
 Full 
Models 
Reduced Model 
P. atricapillus 
Reduced Model  
P. carolinensis 
Uncorrelated 
Models  
Annual Mean Temperature (Bio1) ✔  ✔ ✔ ✔ 
Mean Diurnal Range in Temperature (Bio2) ✔  ✔   
Isothermality (Bio3) ✔     
Temperature Seasonality (Bio4) ✔     
Max Temperature of Warmest Month (Bio5) ✔  ✔   
Min Temperature of Coldest Month (Bio6) ✔     
Temperature Annual Range (Bio7) ✔    ✔ 
Mean Temperature of Wettest Quarter (Bio8) ✔    ✔ 
Mean Temperature of Driest Quarter (Bio9) ✔    
Mean Temperature of Warmest Quarter (Bio10) ✔  ✔  
Mean Temperature of Coldest Quarter (Bio11) ✔ ✔   
Annual Precipitation (Bio12) ✔  ✔  
Precipitation of Wettest Month (Bio13) ✔    
Precipitation of Driest Month (Bio14) ✔  ✔  
Precipitation Seasonality (Bio15) ✔    
Precipitation of Wettest Quarter (Bio16) ✔   ✔ 
Precipitation of Driest Quarter (Bio17) ✔ ✔ ✔ ✔ 
Precipitation of Warmest Quarter (Bio18) ✔    
Precipitation of Coldest Quarter (Bio19) ✔    
Altitude ✔    
 
Table 2.1. Climate variables used for the three types of distribution models. 
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Table 2.2. Pairwise Pearson’s correlation coefficient (r) of all climate variables used for modeling. Values generated by selecting 
10,000 points at random from the geographic study area, and extracting climate data from each point. Correlated variables with r>0.7 
in bold.  
 
 
 Bio1 Bio2 Bio3 Bio4 Bio5 Bio6 Bio7 Bio8 Bio9 Bio10 Bio11 Bio12 Bio13 Bio14 Bio15 Bio16 Bio17 Bio18 Bio19 
Bio1 1.0000                   
Bio2 0.7050 1.0000                  
Bio3 0.8713 0.8097 1.0000                 
Bio4 -0.8118 -0.4986 -0.8747 1.0000                
Bio5 0.9309 0.8267 0.7881 -0.5874 1.0000               
Bio6 0.9594 0.6009 0.8947 -0.9293 0.8146 1.0000              
Bio7 -0.6435 -0.1646 -0.6784 0.9311 -0.3412 -0.8232 1.0000             
Bio8 0.6097 0.4772 0.4063 -0.2029 0.6732 0.4432 -0.0593 1.0000            
Bio9 0.8892 0.6415 0.8733 -0.8727 0.7765 0.9255 -0.7397 0.3000 1.0000           
Bio10 0.9521 0.7176 0.7499 -0.5983 0.9794 0.8406 -0.4036 0.7243 0.7731 1.0000          
Bio11 0.9785 0.6675 0.9155 -0.9117 0.8564 0.9941 -0.7728 0.4945 0.9247 0.8742 1.0000         
Bio12 0.3928 -0.0841 0.2165 -0.4539 0.1987 0.4457 -0.5279 0.0483 0.4150 0.2876 0.4154 1.0000        
Bio13 0.3928 -0.0307 0.3018 -0.4824 0.1937 0.4547 -0.5473 0.1032 0.4099 0.2727 0.4281 0.9025 1.0000       
Bio14 0.2997 -0.1332 0.0829 -0.3297 0.1374 0.3357 -0.4096 -0.0052 0.3334 0.2274 0.3087 0.8634 0.6079 1.0000      
Bio15 -0.0923 0.1176 0.1102 0.1003 -0.0403 -0.0994 0.1216 0.1591 -0.1466 -0.0644 -0.0831 -0.5092 -0.1460 -0.7492 1.0000     
Bio16 0.3718 -0.0492 0.2759 -0.4652 0.1753 0.4336 -0.5311 0.0730 0.3937 0.2519 0.4061 0.9251 0.9898 0.6333 -0.1949 1.0000    
Bio17 0.3272 -0.1175 0.1117 -0.3590 0.1596 0.3655 -0.4362 0.0063 0.3616 0.2498 0.3379 0.8907 0.6440 0.9930 -0.7447 0.6693 1.0000   
Bio18 0.3259 -0.0376 0.1035 -0.2270 0.1979 0.2750 -0.2520 0.3629 0.1898 0.3013 0.2836 0.7482 0.6803 0.7089 -0.3648 0.6855 0.7200 1.0000  
Bio19 0.3257 -0.0711 0.2712 -0.4969 0.1301 0.4370 -0.5808 -0.1723 0.4757 0.1830 0.3914 0.8959 0.8390 0.7108 -0.4019 0.8685 0.7436 0.4196 1.0000 
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 Full Models Reduced Model Uncorrelated Model 
Full Model - 0.97755 0.96645 
Reduced Model 0.98163 - 0.97344 
Uncorrelated Model 0.98546 0.98315 - 
Table 2.3. Pairwise Pearson’s correlation coefficient (r) between all pairs of models. 
Pairwise correlation coefficients (r) for Black-capped chickadee (P. atricapillus) models 
above diagonal and correlation coefficients for Carolina chickadee (P. carolinensis) 
models below diagonal. 
 
 
 
 HadGEM2-ES. RCP 4.5 HadGEM2-ES. RCP 8.5 
CCSM4. RCP 4.5 0.93900 - 
CCSM4. RCP 8.5 - 0.91325 
 
Table 2.4. Pairwise Pearson’s correlation coefficient (r) matrix for future projected 
climate models – Poecile atricapillus. 
 
 
 
 
 HadGEM2-ES. RCP 4.5 HadGEM2-ES. RCP 8.5 
CCSM4. RCP 4.5 0.90592 
 
- 
CCSM4. RCP 8.5 - 0.87443 
 
Table 2.5. Pairwise Pearson’s correlation coefficient (r) matrix for future projected 
climate models – Poecile carolinensis. 
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 Poecile atricapillus Poecile carolinensis 
Annual Mean Temperature (Bio1) 79.2 % 42.3 % 
Mean Diurnal Range in Temperature (Bio2) 2.8 % 0.8 % 
Isothermality (Bio3) 0.5 % 0.1 % 
Temperature Seasonality (Bio4) 0.6 % 0.7 % 
Max Temperature of Warmest Month (Bio5) 4.3 % 0.7 % 
Min Temperature of Coldest Month (Bio6) 1.7 % 0.6 % 
Temperature Annual Range (Bio7) 0.6 % 1 % 
Mean Temperature of Wettest Quarter (Bio8) 0.1 % 0.3 % 
Mean Temperature of Driest Quarter (Bio9) 0.3 % 0.2 % 
Mean Temperature of Warmest Quarter (Bio10) 0.2 % 4.9 % 
Mean Temperature of Coldest Quarter (Bio11) 2.5 % 0.6 % 
Annual Precipitation (Bio12) 1.2 % 3.9 % 
Precipitation of Wettest Month (Bio13) 0 % 0.1 % 
Precipitation of Driest Month (Bio14) 0.4 % 2.2 % 
Precipitation Seasonality (Bio15) 0.6 % 0.6 % 
Precipitation of Wettest Quarter (Bio16) 0.1 % 0.7 % 
Precipitation of Driest Quarter (Bio17) 3.9 % 39.7 % 
Precipitation of Warmest Quarter (Bio18) 0.3 % 0.5 % 
Precipitation of Coldest Quarter (Bio19) 0.1 % 0.5 % 
Altitude 0.6 % 0 % 
 
Table 2.6. Climate variable percent contributions to the ‘Full Model’ for each chickadee 
species. 
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DISCUSSION 
In this chapter, I provide evidence that at a contact zone between two hybridizing 
passerines, interspecific interactions play a larger role in shaping range limits in one 
species (P. atricapillus), while climate is more important for determining the range limits 
of the other (P. carolinensis). In addition, suitable habitat for P. carolinensis is projected 
to shift drastically northeast under future climate change, leading to a likely increase in 
the intensity and frequency of interspecific interactions with P. atricapillus in these areas. 
Thus, my results indicate that climate change has the potential to affect species 
distributions both directly (as for P. carolinensis) and indirectly (as for P. atricapillus). 
These results have broad implications for the dynamics of hybrid zones in general, as 
well as for understanding the complex ways in which natural populations will respond to 
climate change.   
 
Asymmetric effects of abiotic and biotic factors in shaping distribution patterns 
 My modeling results show that the current distribution of P. carolinensis is 
shaped mainly by abiotic (climatic) factors. This is supported by the close 
correspondence between the species’ potential and realized distributions (Fig. 2.1b). 
Conversely, distribution patterns for P. atricapillus, especially at the species’ southern 
range edge at the contact zone with P. carolinensis, seem to be shaped primarily by biotic 
factors (interspecific interactions). The potential distribution of P. atricapillus extends 
south beyond the hybrid zone, and into the actual range of P. carolinensis (Fig. 2.1a). In 
other words, there is a large area of climatically suitable habitat extending south into 
areas not actually occupied by P. atricapillus. This mismatch between the potential and 
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realized distribution for P. atricapillus supports the hypothesis that interspecific 
interactions are more important for shaping distribution patterns in this species along the 
hybrid zone.  
 In a hybrid zone where intrinsic selection against hybrids is strong, one might 
expect the potential, climatically suitable niche of both parental species to extend beyond 
the contact zone between them, into areas occupied by the other species. Under this 
scenario, the production of unfit hybrids within the hybrid zone could limit dispersal into 
otherwise climatically suitable environments. Because strong intrinsic selection acts 
against hybrid chickadees (Bronson et al. 2003b, 2005), I expected to find this pattern at 
the chickadee hybrid zone. Yet, interestingly, my results here are consistent with 
dispersal south by P. atricapillus being limited by interspecific interactions, while the 
northward dispersal of P. carolinensis is limited mainly by climatic factors. This apparent 
asymmetry in the contributions of abiotic and biotic factors in regulating distribution 
patterns and the hybrid zone’s location in these two species can be explained by a number 
of mechanisms.  
First, it has been suggested that the northern range boundaries of many North 
American passerines are determined by metabolic performance and ability (Root 
1988a,b). The high energetic cost required to adapt to cold climatic conditions may limit 
the northern range of many species. Interestingly, physiological experiments in 
chickadees show that the basal metabolic rate of P. carolinensis is significantly lower 
than P. atricapillus after correcting for body mass differences (Olson et al. 2010). Thus, 
the chickadee hybrid zone may represent the northernmost thermal limit for P. 
carolinensis. The cold-adapted P. atricapillus would not face such a thermal limit along 
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the hybrid zone.  
Second, P. carolinensis males appear to be socially dominant over P. atricapillus 
males (Bronson et al. 2003a). Dominance status in chickadees is associated with 
enhanced winter survival (Lemmon et al. 1997), as well as access to higher-quality 
breeding territories (Smith 1991; Otter et al. 1999). Thus, dominant P. carolinensis males 
may competitively exclude P. atricapillus males at the contact zone. In addition, mate 
choice preferences could play a role in regulating the southern range limit in P. 
atricapillus. For example, in captive settings, females of both chickadee species associate 
preferentially with dominant P. carolinensis males (Bronson et al. 2003a). Whether or 
not this female preference translates to asymmetric hybridization in the field remains an 
open question. However, P. atricapillus may be limited from dispersing southward if this 
species experiences a higher fitness cost to hybridization than P. carolinensis. An 
example of such an asymmetry in fitness costs has been shown to occur in the 
hybridizing Japanese freshwater minnows, Pseudorasbora pumila and P. parva. In this 
system, all naturally occurring hybrids are of the F1 generation and are sterile. 
Additionally, these F1 hybrids all have P. pumila mtDNA, suggesting hybrids are only 
formed through the mating of P. pumila females with P. parva males. Because of strong 
selection against hybrids, it appears that P. pumila females waste considerably more 
reproductive effort than P. parva males, therefore suffering a higher fitness cost to 
hybridization (Konishi and Takata 2004). Although selection against hybrids appears to 
be similarly strong in chickadees, the possibility of such asymmetric fitness effects has 
not been explicitly tested.  
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In addition to identifying the factors that regulate range limits along a natural 
hybrid zone, my modeling efforts also provide insight into some longstanding 
macroecological questions. For example, a central hypothesis regarding the factors 
regulating species distributions posits that biotic factors will be more important at a 
species’ equatorial (low latitude) range limit, while abiotic factors will be more important 
at the poleward (high latitude) limit (MacArthur 1972; Schemske et al. 2009; Hargreaves 
et al. 2013). While this hypothesis has gained considerable empirical support across a 
variety of taxonomic groups (reviewed in Schemske et al. 2009), further research is 
needed to determine how widespread this macroecological pattern is. For instance, a 
recent study that examined 214 North American amphibian and reptile species found that 
this hypothesis holds true for reptiles, but not for amphibians (Cunningham et al. 2015). 
In a similar fashion, a recent review of 105 studies examining a total of 178 terrestrial 
and aquatic species found that abiotic factors are supported more often than biotic factors 
in delimiting equatorial range boundaries (Cahill et al. 2014). Despite these 
disagreements, my results lend support to the hypothesis that biotic factors regulate 
equatorial range limits, as the predicted southern range limit for P. atricapillus extends 
beyond the realized range boundary. My results also show that for these two species, 
abiotic climatic factors are more important for delimiting poleward range limits. The 
northern range limit for P. carolinensis closely aligns with that predicted by distribution 
models. For P. atricapillus, the northern range boundary is not as accurately predicted by 
my models, which could be due to the fact the majority of my occurrence points are from 
the range core. However, my limiting factor analysis for P. atricapillus indicates that 
minimum temperature of the coldest month is a key limiting factor at the northern range 
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boundary (Fig. 2.4b), which supports previous conclusions that minimum winter 
temperatures limit the northern range limits of many North American bird species (Root 
1988b). Further work should examine the frequencies at which equatorial and poleward 
range boundaries correspond with the position of hybrid zones.  
Another potential factor that might explain the discrepancy between the potential 
and realized distribution along the contact zone is the fact that I used distribution data 
from western North America to infer potential distributions in the eastern part of the 
range, particularly for P. atricapillus. Because of the large area occupied by P. 
atricapillus, and the history of climatic fluctuations in North America since the last 
glacial maximum (Hewitt 2004), the eastern and western populations may not be 
ecologically equivalent. Further, a recent study examining signatures of genetic structure 
in P. atricapillus using samples from across the species’ range found that populations in 
the western part of the range are significantly structured, while eastern populations are 
not (Adams and Burg 2015). This genetic structure was attributed to the presence of 
major mountain ranges, including the Cascade and Rocky Mountains. However, when I 
used only occurrences from the eastern portion of P. atricapillus’s range to construct 
distribution models, the model over-prediction along the hybrid zone was still apparent 
(data not shown). Thus, I conclude that the discrepancy between the potential and 
realized range boundary is not due to the inclusion of western occurrences for this 
species.  
Species distribution modeling has been used in a small, yet growing number of 
studies aimed at examining hybrid zone dynamics. Swenson (2006) used an SDM 
framework to study four north-to-south avian hybrid zones that cluster at the North 
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American Great Plains suture zone. He found a large mismatch between the potential and 
realized distribution for all four parental species occupying the western half of the United 
States, but not for the four parental species located to the east. He concluded that the four 
eastern species’ ranges are limited by climatic factors, whereas biotic interactions likely 
limit range boundaries for the western species (Swenson 2006). However, unlike the 
chickadee hybrid zone described here, the Great Plains suture zone appears stable in 
space and time. More recently, Engler et al. (2013) used a MAXENT modeling approach 
to study a European hybrid zone between Melodious (Hippolais polyglotta) and Icterine 
(H. icterina) warblers that appears to be moving, possibly as a result of climate change. 
They found that for both species, potential distributions extended far beyond the hybrid 
zone and into the range of the other species. Thus, biotic interactions appear more 
important for determining the breeding ranges of these two migratory species, and these 
results support the hypothesis that the warbler hybrid zone is a tension zone (Engler et al. 
2013). The chickadee hybrid zone described here is also hypothesized to be a moving 
tension zone (Bronson et al. 2005), yet differs from the warbler study in that a mismatch 
between the potential and realized distribution is only apparent in one species.  
When teasing apart the relative importance of abiotic and biotic factors in driving 
range boundaries, it is important to note that biotic interactions themselves can be climate 
dependent. For example, the intensity of competition between two stream salmonid fish 
species was found to depend on temperature gradients (Taniguchi & Nakano 2000). The 
degree to which reproductive interactions between species depend on climate, on the 
other hand, is less well characterized (Chunco 2014). In chickadees, further field studies 
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are needed to assess the cumulative effects of interspecific interactions, and whether 
these interactions are themselves affected by climate.  
 
Predicted Hybrid Zone Movement Under Climate Change 
The chickadee hybrid zone is moving rapidly northward (Bronson et al. 2003a; 
Reudink et al. 2007; Taylor et al. 2014a). This latitudinal range shift is now a diagnostic 
feature of populations responding to the effects of climate warming (Chen et al. 2011). 
Indeed, a recent study by Taylor et al. (2014a) found that climate warming in the recent 
past has played an important role in the contact zone’s northward shift in Pennsylvania 
over the last decade. Using temperature data as well as species occurrence records, 
Taylor et al. were able to accurately hindcast the location of the hybrid zone a decade 
ago. As temperatures warmed, the hybrid zone shifted north. While Taylor et al.’s study 
is informative regarding current and past hybrid zone dynamics at the eastern portion of 
the zone, questions about zone movement to the west and whether the zone will continue 
to shift north in the future remained unanswered. Barring rapid adaptation to the changing 
climate, my SDM results suggest that northward movement of the hybrid zone is likely to 
continue into the future, at least in the eastern part of the hybrid zone.  
However, my analysis also highlights the fact that hybrid zone movement in 
chickadees might be more geographically variable than previously thought. My models 
predict a northeast shift in suitable habitat for P. carolinensis, corresponding to observed 
hybrid zone movements; However, my models also predict that habitat will become 
unsuitable for P. carolinensis at areas south of the contact zone to the west, particularly 
in the states of Illinois and Missouri (Figs. 2.5 and 2.6). To my knowledge, hybrid zone 
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movement has not been reported in these areas (Enstrom and Bollinger 2009), and future 
work should focus on hybrid zone dynamics in these areas.  
As my modeling results suggest that the southern range edge of P. atricapillus is 
determined more by biotic than climatic factors, distribution patterns in this species, at 
least at the southern edge, are less likely to be directly influenced by a changing climate. 
However, my results also show that large portions of the current range of P. atricapillus 
will become climatically suitable for P. carolinensis by the year 2050, which may result 
in intensified interspecific interactions between these two species, especially along the 
eastern half of the zone. Thus, even though climate change is expected to have minimal 
direct effects on the range of P. atricapillus along the hybrid zone, the climate-mediated 
expansion of P. carolinensis may cause P. atricapillus to retreat northward. Together, my 
modeling results for both chickadee species highlight the ways climate change can 
influence species distributions through direct as well as indirect effects.  
Although the direct effects of climate change on species distributions are 
relatively well understood (Parmesan 2006), indirect effects are less well characterized. 
Climate change can indirectly affect species boundaries by altering interspecific 
interactions with predators, competitors, or parasites (Thomas 2010). However, studies 
demonstrating a climate change-induced range expansion in one species that indirectly 
affects the range boundary of a second, interacting species, are rare. This phenomenon 
will likely become more frequent as climate-mediated range shifts bring previously 
isolated populations into contact.  
It is important to note that my distribution models exclusively include climate 
variables, and there may be other aspects of the environment (e.g., vegetation, tree 
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species available for nesting) important for determining chickadee distributions that are 
missed by my modeling efforts. However, both chickadee species examined here are 
widespread generalists that occupy a variety of forest habitats across the United States 
and Canada. Within these habitats, chickadees excavate nesting cavities in dead or 
decaying trees, and to my knowledge, no differences exist in the tree species selected for 
nesting between the two species (Albano 1992; Martin et al. 2004). Therefore, any 
climate change-induced distribution shift in the underlying vegetation is less likely to 
have an indirect effect on chickadees than it would a more specialized species or a 
species with narrow nesting requirements.  
Additionally, a large proportion of the occurrence data used in our models derive 
from the citizen science database eBird (Sullivan et al. 2009). Such databases are 
increasingly being used to ask questions that otherwise would not be accessible or 
feasible (Silvertown 2009). Indeed, data from eBird have been widely utilized in the 
scientific literature, with over 90 peer-reviewed publications making use of the database 
in the last decade (Sullivan et al. 2014). Despite growing enthusiasm for citizen science 
applications, the adoption of these types of data raises questions concerning data 
accuracy and quality control. In the case of eBird, data are filtered by local experts and 
unusual records are flagged for further inspection. However, the possibility exists that 
some records are incorrectly entered or individuals are misidentified, which could lead to 
biased conclusions about distribution patterns. For morphologically similar species, such 
as chickadees, these issues are even more important to consider. However, given the 
thorough data-filtering methods I have employed (see Methods), and the wide geographic 
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extent from which my occurrence records are drawn, it is unlikely that these pitfalls have 
affected my results.  
Moving hybrid zones are now recognized to be common in nature (Buggs 2007). 
Although hybrid zones can move for reasons other than a changing climate, several good 
examples link climate change with zone movement (Britch et al. 2001; Scriber 2011; 
Taylor et al. 2014a). Indeed, moving hybrid zones may represent sensitive indicators for 
anthropogenic climate change (Taylor et al. 2015). Further, the effects of climate change 
on hybridizing taxa will have widespread evolutionary consequences. As species shift 
geographically due to climate change, hybridization between previously isolated groups 
is predicted to become more common (Chunco 2014). Climate change will cause new 
hybrid zones to form (e.g., Garroway et al. 2010), and in some cases, the extent of 
hybridization between currently sympatric taxa will increase (e.g., Gerard et al. 2006). In 
this way, hybridization might result in strengthened reproductive barriers between 
populations, finalizing the speciation process through reinforcement (Servedio and Noor 
2003). On the other hand, hybridization can weaken reproductive isolating barriers, 
resulting in species fusion (Taylor et al. 2006). Finally, hybridization can act as an 
evolutionary stimulus by promoting the introgression of adaptive genetic material across 
species boundaries (Abbott et al. 2013).  
In order to persist in the face of rapid climate change, species must shift their 
distributions to more favorable climates, respond through phenotypic plasticity, or adapt. 
Whether or not evolutionary adaptation to changing environments can keep up with the 
pace of climate change remains an open question for many species (Hoffmann & Sgro 
2011). Predictions concerning evolutionary adaptation are complicated by the fact that 
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species exist within a web of coevolutionary interactions, which themselves can be 
altered due to climate change (Northfield & Ives 2013). However, interspecific 
hybridization can facilitate adaptive potential by introducing genetic variation (Abbott et 
al. 2013). Indeed, theoretical work suggests that introgressive hybridization can rescue an 
extinction-prone species after an abrupt environmental change (Baskett & Gomulkiewicz 
2011). For example, in Darwin’s Finches, hybridization has led to increased standing 
genetic variation, which has facilitated adaptation to changing environmental conditions 
(Grant and Grant 2010). With chickadees, such a mechanism is more likely along the 
eastern half of the contact zone, where hybridization frequency is expected to increase 
under climate change. In contrast, climatically suitable habitat for both species is 
expected to retreat away from the contact zone along its western half, potentially 
reducing the rate of interspecific hybridization. If chickadee populations along the 
western part of the contact zone cannot adequately track these changes in climate through 
dispersal, their persistence will rely on their capacity for local adaptation or phenotypic 
plasticity. Although SDM methods cannot explicitly test for future potential for local 
adaptation, such predictive efforts are useful in identifying areas for future study where 
evolutionary adaptation may be important for species persistence. 
In sum, my first dissertation chapter demonstrates the relative importance of 
biotic and abiotic factors in determining range limits for two parapatrically distributed, 
hybridizing bird species and highlights the insights that can be gained from using species 
distribution models. I also show that for widespread species that share a very long zone of 
contact, different climatic mechanisms may be at work at different parts of the zone, 
which can directly and indirectly influence competitive as well as reproductive 
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interactions between species. These implications are important to consider for the study 
of dynamic, moving hybrid zones, as well as for understanding the complex ways that 
natural populations will respond to a rapidly changing global climate. 
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CHAPTER THREE 
HYBRID CHICKADEES ARE DEFICIENT IN LEARNING AND MEMORY 
This chapter is adapted from: 
McQuillan, M. A., Roth, T. C., Huynh, A. V., and A. M. Rice. 2018. Hybrid chickadees 
are deficient in learning and memory. Evolution doi: 10.1111/evo.13470 
 
 
INTRODUCTION 
 Reproductive isolation between species can evolve when mechanisms either 
prevent mating between species (i.e., prezygotic isolation), or when selection acts against 
hybrid offspring (i.e., postzygotic isolation). Both forms of reproductive isolation reduce 
gene flow between species, which can maintain species boundaries despite interspecific 
hybridization (Coyne and Orr 2004; Servedio and Noor 2003). In this chapter, I address 
the potential for a novel isolating barrier – learning and memory ability – to act in 
postzygotic reproductive isolation. While learning and memory play an established role 
in prezygotic reproductive isolation, a possible role in selection against hybrids has rarely 
been tested. Thus, identifying such potentially novel mechanisms underlying postzygotic 
reproductive isolation is crucial for a full understanding of how new species are formed 
and maintained. 
Learning ability has a well-established role in prezygotic reproductive isolation 
(Verzijden et al. 2012; Dukas 2013). For example, many species learn mate preferences 
through sexual imprinting, where juveniles learn the phenotypes of their parents and later 
select mates based on those phenotypes (Cate and Vos 1999; Verzijden et al. 2008; 
Kozak et al. 2011). Species can also learn the traits that are targets of mate choice, such 
as birdsong (Sorenson et al. 2003; Beecher and Brenowitz 2005). However, whether or 
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not learning and memory play a role in postzygtoic reproductive isolation remains 
relatively unexplored. A small number of studies have examined learning and memory 
abilities in hybrids (Proops et al. 2009; Osthaus et al. 2013; Hoedjes et al. 2014), and in 
some cases found that hybrids exhibited enhanced cognition compared to parental species 
(e.g. Proops et al. 2009; Osthaus et al. 2013). However, these studies examined cognition 
in hybrids created by crossing domesticated species or inbred lines. In such cases, hybrid 
cognitive performance may reflect enhanced heterozygosity and relief from inbreeding 
depression. Therefore, it is difficult to generalize these results to cases of natural 
hybridization. My goal in this chapter is to fill this gap by assessing learning and memory 
abilities in two songbird species and their naturally occurring hybrids, for which learning 
and memory traits are important for survival.        
Learning and memory are important for fitness and survival in many species (e.g. 
Hollis et al. 1997; Dukas & Bernays 2000; Maille & Schradin 2016). This has been 
particularly well demonstrated in species that are ‘scatter-hoarders’ (Vander Wall 1990; 
Shettleworth 1998). Scatter-hoarders cache (store) food items in hundreds to thousands of 
locations scattered around their habitat, and must then rely on cognitive traits, like 
learning and memory, to accurately retrieve cached food at a later time (Pravosudov & 
Smulders 2010). The ability to accurately retrieve caches is particularly important for 
winter survival, especially in harsh environments where alternate sources of food are 
scarce or unpredictable (Pravosudov and Clayton 2002). Furthermore, learning and 
memory traits in scatter-hoarders are both heritable and variable among species, setting 
the stage for possible hybrid breakdown upon interspecific hybridization (Brodbeck 
1994; Roth et al. 2010, 2012; Pravosudov and Roth 2013).  
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My study species, the black-capped (Poecile atricapillus) and Carolina (P. 
carolinensis) chickadee, are well-studied scatter-hoarding passerines that hybridize 
extensively along a narrow hybrid zone stretching from New Jersey to Kansas (Bronson 
et al. 2005; Curry 2005; Taylor et al. 2014a; McQuillan & Rice 2015; Fig. 1.1). While 
selection against hybrid chickadees is strong at early life stages due to reduced hatching 
success (Bronson et al. 2003, 2005), little is known about additional selection pressures 
on adult hybrids (but see examination of hybrid metabolic dysfunction in Olson et al. 
2010).  
Learning and memory abilities in chickadees are heritable and shaped by natural 
selection. For example, black-capped chickadees inhabiting harsh winter environments, 
where selection is expected to favor enhanced cognition, cache more food and display 
significantly better spatial learning, memory, and problem-solving abilities than birds 
from mild environments (Clayton & Pravosudov 2002; Roth et al. 2010, 2012). In 
addition, chickadees from these harsh environments possess significantly more 
hippocampal neurons (the area of the brain associated with spatial memory) and display 
higher levels of hippocampal neurogenesis than mild-environment birds (Roth & 
Pravosudov 2009; Roth et al. 2011). These behavioral and hippocampal differences 
remain when birds from the divergent environments are raised under common laboratory 
conditions, suggesting a heritable genetic basis (Roth et al. 2010, 2012). Carolina 
chickadees are also prodigious scatter-hoarders (Lucas & Zielinski 1998; Lucas et al. 
2006), and one might expect learning and memory to be important for survival, especially 
at the northern portion of their range where winters can be harsh and hybridization occurs 
(Fig. 3.1a). 
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In this chapter, I test the hypothesis that learning and memory have the potential 
to function in postzygotic reproductive isolation by comparing the learning and memory 
abilities of wild-caught black-capped, Carolina, and hybrid chickadees from a hybrid 
zone population. Specifically, I measure individual performance on two different 
cognitive tests – an associative learning spatial task and a novel problem-solving test. 
These tests assess aspects of memory and learning that are relevant for retrieving cached 
food and dealing with unpredictable environments—both likely important for fitness 
(Roth et al. 2010, 2012). If hybrids perform worse in these tests of learning and memory 
compared to one or both parental species, then these traits may represent a novel 
postzygotic isolating barrier. In contrast, if hybrids display equal or superior abilities 
compared to parental species, then learning and memory are unlikely to act as postzygotic 
barriers in this system, and may even provide adaptive benefits to hybrids.  
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METHODS 
Field Methods and Aviary Housing 
I caught black-capped, Carolina, and hybrid chickadees (total n=50) using mist 
nets at bird feeders or using song playback over 13 months (Jan 2016 –Feb 2017), 
excluding the breeding season (April-May). I caught birds at two geographically 
proximate sites within the hybrid zone in eastern Pennsylvania (20 km apart; Lehigh 
University 40°36'5.19"N, 75°21'34.08"W; Jacobsburg State Park 40°47'3.97"N, 
75°17'34.67"W; Fig. 3.1a). Upon capture, I banded, measured, and weighed each bird, 
and collected a blood sample for ancestry (McQuillan et al. 2017) and sex determination 
(Griffiths et al. 1998). I then transported each bird by car to an outdoor aviary at Lehigh 
University, where birds were housed individually in aviary compartments measuring 1.5 
´ 2 ´ 2.5 m. Birds were visually, but not aurally isolated from each other. I covered the 
outside of the aviary with house wrap to prevent birds from seeing out, while still 
allowing ambient light to pass through. All behavioral testing took place in home aviary 
compartments. I provided birds with ad libitum sunflower seeds, pine nuts, and vitamin-
supplemented water. I used wax worms, a highly desirable food item, in behavioral trials. 
I outfitted each aviary compartment with 10 small rubber caching pockets (each 2.5 ´ 4 
cm), accessible by perches. This allowed the birds to acclimate to caching and retrieving 
food from these pockets, which were similar to those used in the associative learning 
spatial task, described below. I also used these pockets to train birds to remove craft 
‘pom-pom’ balls from concealing a pocket’s contents, which was essential for the 
associative learning spatial task (see below). Acclimation was considered complete once 
birds removed the balls from all 10 pockets, for two days in a row (mean days until 
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acclimation=6.83, SD=2.14). After behavioral testing was complete (birds spent an 
average of 3 weeks in captivity), we released birds at the point of capture. All procedures 
were approved by Lehigh University’s Institutional Animal Care and Use Committee 
(Protocol #175).  
 
Genetic Determination of Species Ancestry 
 Because black-capped, Carolina, and hybrid chickadees are morphologically 
similar and song is not a reliable species-identifier within the hybrid zone (Kroodsma et 
al. 1995), I utilized genetic markers to assign ancestry to each bird. Briefly, I genotyped 
all birds at 10 species-diagnostic single nucleotide polymorphism markers (McQuillan et 
al. 2017). Because chickadees in our population are highly admixed and include pure-
species, F1, and advanced-generation and backcrossed hybrids (McQuillan et al. 2017), I 
used STRUCTURE (Hubisz et al. 2009) to estimate admixture proportions and assign 
ancestry categories for each bird. To do this, I combined the genotypes of my test 
subjects with a larger dataset containing genotypes of individuals (N=301) from multiple 
Pennsylvania hybrid-zone populations, as well as known pure-species individuals from 
allopatric populations of both species (New York and Louisiana, USA). I ran 
STRUCTURE on this larger dataset, using the same program settings as McQuillan et al. 
2017 (Fig. 3.2). Birds with admixture values within the average 90% credible interval of 
known pure individuals were classified as either a pure black-capped or Carolina 
individual. In contrast, birds with admixture values outside of the average 90% credible 
interval for known parentals were considered hybrids.  
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Associative Learning Spatial Task  
 I subjected birds to an associative learning spatial task (following Roth et al. 
2012). I used a large plywood ‘caching array,’ measuring 1.25 ´ 0.6 m with 60 rubber 
pockets identical to those used during acclimation, and accessible by perches. I concealed 
the contents of each pocket with a white, craft ‘pom-pom’ ball placed over the opening, 
which birds had to remove to investigate the pocket’s contents (Fig. 3.1b). All birds were 
able to remove the balls. On the first day of the test, I placed a wax worm in one 
randomly chosen pocket, covered it and all other pockets with the balls, introduced the 
array to the bird’s aviary compartment, and allowed the bird to remove the pom-pom 
balls and find the worm. For the next 9 days, once per day, I presented the same caching 
array to the bird with all pockets covered and a wax worm concealed in the same pocket. 
Care was taken to hang the caching array on the aviary wall in the same place each day. I 
recorded the number of inspections (defined as the number of pom-pom balls removed) 
required to successfully locate the worm. I tested 11 black-capped, 8 Carolina, and 10 
hybrid chickadees on this task. 
 Because some of the birds I tested were used previously to collect pilot data for 
another experiment using the caching array (total n=10; 2 black-capped, 5 Carolina, 3 
hybrid), I tested for an effect of this prior experience on performance on the associative 
learning spatial task. I found a marginally non-significant interaction between prior 
experience and testing day (GLMM χ2(1)=3.815, p=0.051). Although not statistically 
significant, I sought to eliminate any potential influence of prior experience on results by 
limiting my subsequent analysis to days 4 through 10 (hereafter referred to as testing days 
1 through 7). During this time window, the performance of birds with and without prior 
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caching array experience converged (Fig. 3.3; GLMM; prior experience ´ testing day, 
χ2(1)=0.370, p=0.543; prior experience main effect, χ2(1)=1.692, p=0.193). Importantly, 
limiting my analysis to this time window did not qualitatively change my results. 
 
Novel Problem-Solving Test 
 To evaluate innovativeness and general learning ability, I assessed each bird’s 
ability to solve a reward-based, novel problem (following Roth et al. 2010). The problem-
solving test required birds to physically move a circular nylon washer with a transparent 
coating (3.3 cm diameter, 6 g, ~1/2 the mass of the bird) from covering a 1.75 cm well in 
a wooden block (15 ´ 10 ´ 4 cm) containing a waxworm (Fig. 3.1c). The test was 
designed so birds could see through the washer and recognize that a food reward was 
concealed underneath, but could only retrieve the reward by sliding the washer to the 
side. On the day of the test, I deprived birds of food for one hour in the morning, after 
which I introduced the problem-solving apparatus to the bird’s home compartment. I 
recorded whether or not the bird was able to solve the problem in a one-hour maximum 
time frame. I conducted a second test in the afternoon, with the two tests spaced by at 
least 4 hours. I tested 14 black-capped, 6 Carolina, and 16 hybrid chickadees (total n=36) 
on this problem-solving test. Included in this group of 36 birds were 15 birds that 
previously performed the associative learning spatial task and 21 birds that had not, but 
had experienced feeding from the caching array as part of a separate pilot experiment. 
There were no significant differences in problem-solving success between these two 
groups (Fisher’s exact test, p=0.674).  
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All birds were habituated to finding wax worms in the well of the problem-
solving apparatus and to the presence of the nylon washer, which was mounted adjacent 
to the well during habituation (>40 hours of habituation time per bird). To control for 
motivation and the birds’ willingness to feed from the problem-solving apparatus, I 
conducted a pre-trial control in the afternoon of the day preceding the problem-solving 
test. For the pre-trial, I introduced the problem-solving apparatus to the bird with an 
unconcealed wax worm and the nylon washer mounted adjacent to the well. I measured 
latency in seconds for the bird to land on the apparatus and take the worm. Birds were 
also food deprived for one hour prior to this pre-trial control. There were no significant 
differences in latency to take the worm between birds that had and had not previously 
performed the associative learning spatial task (Wilcoxon rank sum W=192, p=0.275). 
Finally, to determine whether differences in body mass could explain any differences in 
ability to successfully solve the problem, I compared average body mass across the three 
ancestry groups. I also compared average scaled mass index (a measure of overall body 
condition calculated from body mass and tarsus length; Peig and Green, 2009) across 
ancestry groups. I recorded mass and tarsus length measurements on the date of capture 
for each bird, which was an average of 20.3 days (SD=4.19) before the problem-solving 
test. 
 
Statistical Analysis 
 To test for performance differences among ancestry groups in the associative 
learning spatial task, I fit generalized linear mixed models (GLMMs) using maximum 
likelihood to the data. I specified log link functions and used the ‘lme4’ package in R, 
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version 3.4.1 (R Core Team, 2017; Bates et al. 2015). Specifically, I fit GLMMs with 
‘score’ (the number of pom-pom balls removed before the bird recovered the worm) as 
my response variable. I included the following independent variables as fixed effects, 
including all possible interactions: Ancestry (black-capped, Carolina, or hybrid), sex, 
testing day, and season (spring, fall, or winter). To account for the repeated-measures 
nature of the dataset (i.e. I measured performance once per day for multiple days), I 
specified a random intercept, as well as a random slope for each bird across testing days 
in my model. After constructing this ‘full’ model, I performed a step-wise model 
simplification procedure by removing the least significant variable, starting with the 
highest order interactions. After each variable removal, I performed likelihood ratio tests 
(LRT) to compare models with and without each focal term. If the simplified model 
explained significantly less variation in the response variable, then the focal term was 
retained. I continued this process until I was left with a ‘best-fit’ model, containing only 
those fixed effects that were significant predictors, according to the likelihood ratio tests. 
I further validated model fit by comparing corrected Akaike information criterion (AICc) 
values across all models. My best-fit model had the lowest AICc score, thus validating 
model simplification. Two other models had similar AICc scores (Table 3.1). For 
simplicity, I focus only on the best-fit model moving forward, but note that my results are 
qualitatively similar among all three models. If a variable was a significant predictor in 
the best-fit model, I assessed post-hoc pairwise contrasts of the levels within that factor 
using least-square means (LSM) in the R package ‘lsmeans’ (v. 2.27-2; Lenth 2016).  
 To test for differences among the ancestry groups in ability to solve the novel 
reward-based problem, I compared the proportion of individuals from each ancestry 
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group that were able to successfully solve the problem at least once (of two total trials), 
using Fisher’s exact tests. 
 I also tested for a relationship between degree of admixture and performance on 
these tests, using a continuous measure of ancestry. Based on my results using categorical 
ancestry groups (see below), I expected similar performance among pure species 
individuals of both species, but reduced performance for admixed individuals. This 
would produce a non-linear relationship between performance and the raw admixture 
proportion (Q) values from STRUCTURE. To analyze these data using linear models, I 
therefore transformed Q into a variable ranging from 0 (F1 hybrid) to 0.5 (pure species).  
From the Q-value given by STRUCTURE (which ranges from zero to one and indicates 
the estimated proportion of an individual’s genome that derives from Carolina or black-
capped ancestry; Fig. 3.2), I subtracted 0.5 and took the absolute value. With this 
transformation, an F1 hybrid (with a Q-value ~0.5), would end up with an ancestry score 
of ~0. In contrast, a pure Carolina chickadee (with a Q-value of 1), would end up with an 
ancestry score of 0.5. Taking the absolute value of the difference ensured that pure black-
capped chickadees (with a Q-value of 0), would also receive an ancestry score of 0.5. In 
this way, I ended up with a continuous measure of ancestry that ranged from 0 (F1 
hybrid) to 0.5 (‘Pure’ species). Once I had this continuous measure of ancestry, I 
analyzed the associative learning spatial task data by substituting this variable in my 
GLMM analysis, and performed step-wise model simplification as described for the 
categorical ancestry data. 
To analyze the problem-solving results with the continuous measure of ancestry, I 
fit a generalized linear model to the data, specifying a logit link function (i.e. logistic 
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regression). I specified a ‘full’ model, which contained a binary response variable of 
whether a bird was able to solve the problem at least once (yes or no). As independent 
variables, I included the continuous ancestry measure, sex, season, and all possible 
interactions. I conducted step-wise model simplification as with the GLMM analysis 
above, and identified a best-fit model (based on lowest AICc score and likelihood ratio 
tests of variable significance). To visualize results and interpret significant variable 
interactions, I used the R package ‘jtools’ (V 0.9.1; Long, 2017). 
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RESULTS 
Associative Learning Spatial Task 
For the associative learning spatial task, hybrids performed worse across the 
testing period than either pure species. My best-fit GLMM was significant overall (LRT 
compared to null model, χ2(4)=31.10, p<0.001), and contained ancestry (χ2(2) = 8.11, 
p=0.017), sex (χ2(1)=8.32, p=0.004), and testing day (χ2(1)=17.62, p<0.001) as fixed 
effects. Post-hoc pairwise comparisons indicated that hybrids required more inspections 
to recover the wax worm across the testing period than pure black-capped (estimated 
LSM contrast=0.437, p=0.033) and Carolina (LSM contrast=0.525, p=0.018) birds (Fig. 
3.4). There was no significant difference in performance between the two pure-species 
groups (LSM contrast= 0.088, p=0.890). Additionally, male birds averaged significantly 
fewer inspections to recover the wax worm than female birds (LSM contrast= 0.503, 
p=0.002). The significant effect of testing day on test performance indicated that learning 
occurred across all ancestry groups, with birds requiring fewer inspections to recover the 
food reward as the test progressed. Interestingly, female hybrids were the worst 
performers on the associative learning spatial task (Fig. 3.5). Although this sex ´ ancestry 
interaction was not retained as a significant predictor in the best-fit model, likely due to 
low power, it suggests the intriguing possibility that hybrid cognition follows Haldane’s 
Rule (see discussion).   
When analyzing the associative learning spatial task data using the continuous 
measure of species ancestry, the best-fit model was significant overall (LRT compared to 
null model, χ2(3)=29.55, p<0.001) and identical in terms of retained variables to the best-
fit model obtained using the ancestry categories. The best fit model contained significant 
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effects of ancestry (LRT χ2(1)=6.561, p=0.010), sex (LRT χ2(1)=5.171, p=0.023), and 
testing day (LRT χ2(1)=17.47, p<0.001). The significant effect of the continuous ancestry 
measure suggests that as the degree of admixture increases (moving from ‘pure’ species 
to F1 hybrid), performance on the test worsens (Fig. 3.6a).  
 
Novel Problem-Solving Test 
 Hybrids were also worse problem solvers. In the novel problem-solving test, 
13/14 (93%) black-capped, 6/6 (100%) Carolina, and 10/16 (62.5%) hybrids solved the 
problem at least once (Fig. 3.7a). These differences in success were marginally non-
significant (Fisher’s exact test, p=0.054). However, the lack of statistical significance 
may be due to a lack of power from the relatively small Carolina chickadee sample size. 
Because I was most interested in testing hybrid cognitive abilities relative to pure species, 
and because the black-capped and Carolina chickadees exhibited similar rates of success 
(Fig. 3.7a), I combined black-capped and Carolina birds into a single, pure-species 
category and compared it to the hybrid group. When analyzed in this way, hybrids were 
significantly less likely to solve the problem than pure-species individuals across the two 
trials (Fig. 3.7b; p=0.0298, Fisher’s exact test; 62.5% vs. 95% success, respectively). All 
birds that solved the problem during the first trial were also successful in the second trial.  
 When analyzing the problem-solving data with the continuous ancestry measure, 
my best-fit model was significant overall (LRT compared to null χ2(3)=9.305, p=0.026). 
The best-fit model contained ancestry (LRT χ2(1)=4.857, p=0.028) and sex (LRT 
χ2(1)=0.004, p=0.950) as retained variables, and included a significant interaction 
between them (GLM likelihood ratio test, Ancestry ´ Sex χ2(1)=4.28, p=0.039). The 
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significant interaction term suggests that as the degree of admixture increases (again 
moving from ‘pure’ species to F1 hybrid), the probability of solving the problem 
decreases. However, this trend is most evident in females, further supporting our finding 
that hybrid females may be particularly prone to cognitive deficiencies (see discussion on 
Haldane’s Rule; Fig. 3.6b). 
There were no significant differences between ancestry groups in the latency to 
take the worm in the pre-trial control, indicating that all birds were equally motivated to 
feed from the problem-solving apparatus (Kruskal-Wallis χ2(2)=3.153, p=0.207). 
Additionally, differences among the ancestry groups in problem-solving ability cannot be 
explained by body mass (ANOVA F(2,32)=1.469, p=0.245; Fig. 3.8). 
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FIGURES 
 
Figure 3.1. (a) Approximate location of black-capped and Carolina chickadee hybrid 
zone shown in red. Sampling location for this study in eastern Pennsylvania is shown as 
yellow star. (b) Chickadee interacting with ‘caching array’ used in associative learning 
spatial task. (c) Chickadee performing novel problem-solving test. 
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Figure 3.2. Results from STRUCTURE analysis with K=2 assumed, showing admixture 
levels for chickadees sampled across the hybrid zone in Pennsylvania as well as from 
allopatric populations of both species (n=301). Each vertical bar is one individual, 
grouped in populations ordered from north to south across the hybrid zone. Colors of 
vertical bars indicate the approximate proportion of each individual’s genome derived 
from either pure black-capped ancestry (blue) or pure Carolina ancestry (orange). 
Horizontal grey bars above plot denote individuals used for this study (n=50), from two 
sites within Northampton County, Pennsylvania, USA. STRUCTURE program settings 
were identical to those used in McQuillan et al. 2017.   
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Figure 3.3. Performance on associative learning spatial task for birds by prior experience 
with the caching array. Note that scores converge on day 4 (testing day 1). Data points 
denote mean ± SEM. To examine the effect of prior caching array experience on test 
performance across all birds, we fit generalized linear mixed effect models (GLMMs) 
using maximum likelihood to our data with ‘Score’ as the dependent variable. 
Explanatory variables included testing day and whether the bird had prior experience (yes 
or no), including the interaction, as well as a random intercept and slope for test subjects. 
Although the interaction term was marginally non-significant (GLMM likelihood-ratio 
test χ2(1)=3.815, p=0.051), we limited all further analysis to days 4-10.    
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Figure 3.4. Associative learning spatial task results, showing performance over the 
testing period for the three ancestry groups. Hybrid chickadees require significantly more 
inspections, on average, than both pure-species groups. Data points denote mean ± SEM.  
 
 
Figure 3.5. Performance on the associative learning spatial task split by ancestry and sex. 
Hybrid females are the worst performers on associative learning spatial task (red dashed 
line, closed circles). Data points denote mean ± SEM.  
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Figure 3.6. Results from both behavioral assays, but considering ancestry as a 
continuous, rather than a categorical, predictor. Continuous ancestry was calculated by 
subtracting 0.5 from the Carolina chickadee admixture proportion value given by the 
program STRUCTURE for each individual, and taking the absolute value (see methods). 
In this way, ‘pure’ individuals would score 0.5, while F1 hybrids would score 0. (a) 
Associative learning spatial task results, showing that F1 hybrids scored generally higher 
(i.e. had worse memories) on average than pure-species individuals (GLMM likelihood-
ratio test, continuous ancestry main effect χ2(1)=6.561, p=0.010). (b) Problem-solving 
results, showing that as the degree of admixture in females increases (moving from ‘Pure’ 
species to F1 hybrid), the predicted probability of successfully solving the problem at 
least once (of two total trials) decreases, based on a logistic regression model (GLM 
likelihood-ratio test, Ancestry ´ Sex χ2(1)=4.28, p=0.039). Raw data depicted with filled 
circles (orange, females; green, males), jittered to reduce overlap.  
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Figure 3.7. Novel problem-solving results. (a) Proportion of individuals from each 
ancestry group that were able to solve the problem at least once (of two total trials). 
Hybrids show a non-significant trend towards being less likely to solve the problem 
(Fisher’s exact test, p=0.054). (b) Hybrids are significantly less likely to solve the 
problem compared to a combined pure-species group (Fisher’s exact test, p=0.0298). 
 
 
Figure 3.8. Body mass by ancestry group for all birds used in this study (n=50). Red data 
points denote the subset of birds (n=36) used in the novel problem-solving test. Black 
horizontal bars denote group means for the full dataset, while red horizontal bars denote 
group means for the problem-solving subset. Among the full dataset, body mass differed 
significantly among ancestry groups (ANOVA, F(2,46)=3.721, p=0.032), with black-
capped chickadees weighing significantly more than Carolina chickadees (Tukey HSD 
p=0.034); yet, both species were similarly able to solve the novel problem (Fig. 3.7). 
Hybrids do not differ significantly from either parental group in terms of mass, but were 
less likely to solve the novel problem (Fig. 3.7). Among the subset of birds used in the 
problem-solving test, there were no significant differences in body mass (ANOVA, 
F(2,32)=1.469, p=0.245).   
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Figure 3.9. Body condition (scaled mass index) of chickadees across ancestry groups. 
Scaled mass index was calculated according to Peig and Green 2009, and differs from 
traditional body condition measurements, which are typically based on calculating 
residuals from an ordinary least squares (OLS) regression of body mass against tarsus 
length. The scaled mass index shown here takes into account the scaling between mass 
and body length measurements, and so is better applicable across multiple species. (a) No 
differences among ancestry groups in body condition of chickadees collected from our 
Pennsylvania hybrid zone transect (ANOVA, F(2, 245)=2.113, p=0.123). (b) No 
differences in body condition among ancestry groups in the subset of birds used in this 
study (ANOVA, F(2, 46)=0.351, p=0.706). Black data points denote sample mean +/- 
SEM. 
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TABLES 
 
Table 3.1 
Model comparison for associative learning spatial task results, examining variable effects 
on ‘Score’ (the number of pom-pom balls removed prior to recovering the worm). Table 
displays the results of GLMM model simplification, showing the three models with 
similar corrected Akaike information criterion (AICc) values (DAICc ≤ 2). Chi-square 
and P-values derive from likelihood ratio tests, comparing the fit of each model with the 
model directly above it. P-values >0.05 indicate that the model does not explain 
significantly less variation than the one above it, validating model simplification. The 
best-fit model that we focus on in the text is shown in bold (i.e., all remaining variables in 
the best-fit model are significant predictors, based on likelihood ratio tests).  
 
Response Model AICc Chi-square P-value 
Score Ancestry + Sex + Day + Season + (Ancestry ´ Sex) 1346.31   
 Ancestry + Sex + Day + Season 1344.58 2.79 0.247 
 Ancestry + Sex + Day 1344.31 4.16 0.125 
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DISCUSSION 
Overall, my results suggest that hybrid chickadees are deficient in learning and 
memory relative to their pure-species counterparts. Hybrids performed worse on average 
than pure-species individuals at an associative learning spatial task (Figs. 3.4 and 3.6a), 
and were less likely to solve a reward-based novel problem than pure-species birds (Figs. 
3.6b and 3.7). These results suggest a role for learning and memory in postzygotic 
reproductive isolation, which has not been examined previously. My behavioral results 
likely have real-world implications for scatter-hoarding chickadees in nature, as learning 
and memory are important fitness-related traits in these species. 
 Accurate retreival of cached food is crucial for winter survivial, and natural 
selection shapes the cognitive traits necessary to achieve this (Pravosudov & Roth 2013). 
Previous work uncovered heritable variation in caching-related learning and memory 
traits between populations of black-capped chickadees from different environments 
(Pravosudov & Clayton 2002; Roth et al. 2010, 2012). These results suggest that learning 
and memory traits in chickadees are important for survivial, potentially under genetic 
control, and shaped by natural selection. I extended this line of reasoning by examining 
the learning and memory abilites of hybrid chickadees, and comparing them against pure-
species individuals from the same environment. The fact that hybrid chickadees display 
inferior learning and memory abilities relative to pure-species birds suggests that hybrids 
may suffer a fitness disadvantage in nature, particularly in their ability to accurately 
retreive cached food. There are multiple possible explanations for this deficiency in 
hybrids. 
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 One possible explanation for hybrid deficits in cognition is the accumulation of 
genetic incompatibilities among loci underlying learning and memory in hybrid genomes. 
Genetic incompatibilites arise when alleles at two or more loci diverge in geographically 
isolated species, and recombine in hybrid genomes upon secondary contact (Dobzhansky 
1936; Muller 1942). If genes underlying learning and memory have diverged in black-
capped and Carolina chickadees, negative genetic interactions between these loci could 
occur in hybrids, leading to breakdown in these traits. One ubiquitous outcome of hybrid 
genetic incompatibilities is Haldane’s Rule, which states that within hybrid offspring, the 
heterogametic sex (i.e. the sex possessing two different sex chromosomes) is more likely 
to be absent, rare, or sterile (Haldane 1922). This rule applies whether males are 
heterogametic, as in mammals and Drosophila, or whether females are heterogametic, as 
in birds and Lepidoptera. Haldane’s Rule has been upheld in virtually all taxa that have 
been surveyed (Orr 1997; Delph and Demuth 2016). Of the multiple explanations for 
Haldane’s Rule, all are genetic in nature. The explanation with the most support, termed 
‘dominance theory’ (Turelli and Orr 1995), posits that the heterogametic sex (females in 
birds) will be negatively affected by any and all incompatibility loci located on the sex 
chromosmes, regardless of whether the incompatible alleles act dominantly or 
recessively. In contrast, the homogametic sex (males in birds) will only be negatively 
affected by the subset of sex-linked incompatibility loci that act in a relatively dominant 
fashion. 
Consistent with Haldane’s Rule, my results suggest that female hybrids have the 
worst memories (Fig. 3.5) and are the worst problem solvers (Fig. 3.6b). If hybrid 
females are less able to accurately retrieve cached food in nature, then their ability to 
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survive particularly harsh winter conditions may be reduced. Likewise, an inability to 
innovate and solve novel problems may result in reduced fitness, especially in 
unpredictable environments. Interestingly, Bronson et al. (2005) found a distinct paucity 
of hybrid female chickadees along a hybrid zone transect in Ohio. The authors concluded 
that female hybrids may have reduced viability. My results provide a potential 
explanation for this result. Furthermore, a genomic analysis of introgression patterns 
across the chickadee hybrid zone in Pennsylvania found that a majority of loci putatively 
underlying reproductive isolation are located on the Z chromosome (Taylor et al. 2014b). 
This result would predict that female hybrid chickadees are likely to experience greater 
negative effects from sex-linked genetic incompatibility loci than male hybrids.  
  Another possible explanation for my results is that hybrid chickadees are not 
deficient in learning and memory, but rather are deficient in some other respect, such as 
their general health or body condition. In other words, worse performance on my 
cognitive tests may be an artifact of reduced overall hybrid quality. For example, 
Turissini et al. (2017) found that lab-generated Drosophila hybrids were less capable of 
finding food than their pure-species parents. If hybrid chickadees are also worse foragers 
than pure-species individuals, impaired cognitive performance may simply result from 
the fact that hybrids have a lower nutritional state. In rats, nutritional stress leads to 
anatomical defects in the hippocampus, which is associated with reduced performance on 
spatial memory tasks (Jordan et al. 1981; Levitsky and Strupp 1995). However, I see no 
evidence that hybrid chickadees have lower body condition than pure-species birds in our 
hybrid zone transect as a whole, or in the subset of birds used for this study (Fig. 3.9). 
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 Related to this point, it is also possible that deficient learning and memory in 
hybrids results from overall metabolic dysfunction. Because the brain is metabolically 
costly, breakdown in hybrid metabolism could result in an associated breakdown in 
learning and memory. In an Ohio hybrid zone transect, hybrid chickadees display higher 
mass-corrected basal metabolic rates compared to both parental species, suggesting less 
efficient hybrid metabolism (Olson et al. 2010). Similar results have been found in hybrid 
flycatchers (Mcfarlane et al. 2016). Future work should aim to disentangle the possible 
consequences of metabolic breakdown on learning and memory from other neurological 
causes for breakdown in these traits. More generally, future work should examine the 
relative contributions of genetic factors versus plastic responses to the environment on 
hybrid cognition. For example, hybrids may experience the environment differently than 
pure-species individuals, and this difference in life experience could affect cognitive 
performance. This could be controlled for by hand-rearing pure-species and hybrid 
individuals under identical laboratory conditions and subjecting them to learning and 
memory tests as adults (as in Roth et al. 2010, 2012).  
 The fact that hybrids are less able to solve a novel problem than pure-species 
birds (Fig. 3.7) also likely has real-world implications in this system. In unpredictable 
environments, animals must either invent new behaviors, or flexibly adjust established 
behaviors to solve novel problems (Reader & Laland 2003). The ability to solve novel 
problems is often used as a measure of an animal’s ability to innovate (e.g. Morand-
Ferron et al. 2011; Cauchard et al. 2013). Environmental perturbations resulting from 
climate change will add to the unpredictability of many environments, perhaps increasing 
selective pressure for innovativeness and problem-solving abilities. If hybrids are less 
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able to solve problems and innovate than their pure-species counterparts, this may 
represent a selective disadvantage in nature. As the frequency of hybridization is 
expected to rise under climate change (Chunco 2014), future work should examine hybrid 
problem-solving abilities in other systems inhabiting unpredictable environments. 
 Identifying the barriers that prevent gene flow between closely related species is 
crucial for understanding how new species arise. Much work on postztgotic reproductive 
isolation has focused on identifying the genetic underpinnings of hybrid sterility and 
inviability, often in model laboratory systems. However, less attention has been paid to 
maladaptive behaviors in hybrids that potentially contribute to reproductive isolation (but 
see Noor 1997a; Delmore and Irwin 2014; Schmidt and Pfennig 2016). Here, we present 
evidence that naturally occurring hybrids are deficient in learning and memory relative to 
their pure-species parents. This may be an important and widespread, but as yet 
overlooked, source of postzygotic reproductive isolation. One additional goal of future 
studies should be to evaluate the degree to which hybrids display these deficiencies in 
their natural environments (sensu Croston et al. 2016). Given the widespread nature of 
hybridization (Mallet 2005), examining potential behavioral sources of postzygotic 
isolation is paramount for a complete understanding of the speciation process. 
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CHAPTER FOUR 
TESTING FOR CONSISTENCY IN THE GENOMIC ARCHITECTURE OF REPRODUCTIVE 
ISOLATION ACROSS GEOGRAPHY: A PILOT STUDY  
 
 
INTRODUCTION 
A fundamental goal for evolutionary biologists is to identify the genes responsible 
for causing reproductive isolation between species (Nosil & Schluter 2011). One way that 
reproductive isolation can evolve is when genes that diverge in allopatry recombine in 
hybrid genomes and negatively interact. These ‘Bateson-Dobzhansky-Muller’ 
incompatibilities are the most frequent cause of intrinsic reproductive isolation, and often 
lead to hybrid sterility and/or inviability (Coyne & Orr 2004; Seehausen et al. 2014). 
Alternatively, hybrids may be unfit because they are not well adapted to their external 
environment (extrinsic postzygotic isolation (Hatfield & Schluter 1999)). Loci that cause 
such fitness deficits in hybrids should display limited introgression across species 
boundaries, while loci that provide a fitness advantage in hybrids should rapidly 
introgress - a process termed ‘adaptive introgression’ (Barton & Hewitt 1989). Here, 
introgression is defined as the introduction of genes from one species into another’s 
genomic background through hybridization and backcrossing.  
To date, many studies of hybridizing taxa have identified specific loci displaying 
reduced introgression across species boundaries, with the conclusion that these loci 
include genes underlying reproductive isolation, or are linked to such genes (Nolte et al. 
2009; Teeter et al. 2008). However, the majority of these studies only examine one 
hybrid zone transect, and so little is known about how consistent the genomic signatures 
of reproductive isolation are across space and different environments. In this chapter, I 
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seek to remedy this gap in knowledge by developing the conceptual and methodological 
framework for comparing genomic signatures of reproductive isolation across multiple, 
geographically disparate chickadee hybrid zone transects. 
There are multiple reasons why the genomic architecture underlying reproductive 
isolation might vary across replicate, geographically distinct, hybrid zone transects. First, 
theoretical work often assumes that the alleles responsible for causing genetic 
incompatibilities in hybrids are divergently fixed between species (Orr, 1995). Under this 
scenario, alleles at multiple loci would diverge in different allopatric populations due to 
natural selection, genetic drift, or genomic conflict, and become fixed (Presgraves 2010). 
Upon secondary contact and hybridization, these alleles at two or more loci, which have 
never been ‘tested’ in the same genome, would interact epistatically and cause hybrid 
fitness defects. However, recent work suggests that polymorphism within a species at 
incompatibility loci can lead to variation in reproductive isolation when hybridization 
occurs (Cutter, 2012). This is particularly relevant for chickadees, as both species exhibit 
extremely widespread geographic ranges (Fig. 1.1), and the level of intraspecific genetic 
variation is apparently high (Adams & Burg, 2015; Gill et al. 2005). Therefore, 
intraspecific genetic variation in chickadee populations along this very long hybrid zone 
could contribute to variation in reproductive isolation, especially if polymorphism exists 
at genes responsible for causing hybrid incompatibilities.  
Next, the genomic signatures of reproductive isolation may vary across 
environments with differing selective regimes because hybrid genotypes may experience 
both endogenous and exogenous sources of selection. If selection pressures differ across 
separate hybridizing populations of the same species pair, or if selection pressures change 
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within a single hybridizing population over time, the outcomes of genetic introgression 
may be affected (e.g. Norris et al. 2015). Because the chickadee hybrid zone spans many 
different environments and climatic conditions (Fig. 2.3), selective pressure against 
hybrid genotypes will likely vary across the length of the zone. Thus, the signatures of 
genetic introgression may also differ across geographically disparate hybrid zone 
transects.  
Cline theory is one method for identifying loci potentially underlying 
reproductive isolation based on patterns of introgression across natural hybrid zones 
(Endler 1977, Szymura & Barton 1986, Barton & Gale 1993). Cline theory is typically 
used to quantify the movement of alleles across geographic space, based on allele 
frequencies in populations that span a hybrid zone (Geographic cline analysis; Barton & 
Hewitt 1985; Szymura & Barton 1991). By fitting clines that trace locus-specific 
transitions in allele frequency across a hybrid zone and examining the resulting cline 
shape, inferences about the evolutionary forces underlying differential introgression can 
be made. For example, alleles contributing to hybrid dysfunction or that are important for 
maintaining reproductive isolation will display steep clines (i.e. abrupt changes in 
frequency) as one moves across a hybrid zone. In contrast, selectively neutral or 
beneficial alleles that readily introgress across species boundaries will display wider 
clines. While geographic cline analysis has been informative for identifying genomic 
regions putatively underlying reproductive isolation in natural hybrid zones, this method 
has several features which make it suboptimal for comparing patterns of introgression 
across multiple hybrid zone transects. First, allele frequencies do not always transition in 
a linear fashion as one moves across a hybrid zone, especially in mosaic hybrid zones 
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where species distributions are patchy (Larson et al. 2014). Second, as its name implies, 
geographic cline analysis is sensitive to the spatial scale used for sampling. Sampling 
multiple zones at different spatial scales can therefore affect results (Gompert & Buerkle 
2011a). Another, more recently developed method that derives from cline theory 
circumvents some of these concerns, and is termed ‘genomic cline analysis.’ 
Genomic cline analysis examines the allele frequency of each locus as a function 
of an individual’s average level of admixture across all sampled loci, otherwise known as 
an individual’s hybrid index (Gompert & Buerkle 2009,2011a,2012; Gompert et al. 
2012b). Unlike the geographic cline analysis described above, this analysis generates 
clines in locus-specific allele frequency against a gradient of genome-wide admixture, 
and so is independent of geographic distance across a hybrid zone. Further, genomic cline 
analysis generates a ‘null model’ of introgression at each locus, which is predicted by an 
individual’s hybrid index. For instance, under this null model, the probability that an 
individual possesses an allele deriving from one parental species is predicted solely by 
that individual’s hybrid index, which ranges from zero to one. A hybrid index of zero 
indicates that all loci for that individual derive ancestry from one parental species, while 
a hybrid index of one indicates that all loci derive from the other parental species. 
Therefore, individual loci with patterns of introgression that deviate significantly from 
this genome-wide expectation are likely to be under some form of selection. For example, 
loci that show significantly restricted levels of introgression compared to the genome-
wide average (which again is predicted by an individual’s hybrid index) may be 
important for maintaining reproductive isolation or selection against hybrids. 
Alternatively, loci that introgress at a level greater than the genome-wide average may 
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provide adaptive benefits in hybrid genomic backgrounds. Genomic cline analysis is 
typically carried out with population genomic data using the program ‘bayesian genomic 
clines’ (bgc, see Methods).  
A complementary method for identifying loci potentially involved in reproductive 
isolation is to identify genomic regions that display exceptional divergence between 
species, relative to the genome-wide average. These ‘islands of divergence’ can arise 
when introgression is reduced at particular loci important for maintaining reproductive 
isolation (e.g. Parchman et al. 2013; Taylor et al. 2014b). Locus-specific measures of FST, 
or the fixation index, is a commonly used metric for examining such genomic 
differentiation between species (Weir & Cockerham 1984). The identification of loci that 
are FST outliers, or that are significantly more differentiated than the genome-wide 
average, are particularly informative in this regard. Because both FST outlier analysis and 
genomic cline analysis can spuriously identify outlier loci resulting from evolutionary 
forces other than selection (Gompert et al. 2017), performing both of these analyses in 
tandem and identifying overlap in the identified outliers can bolster conclusions about 
loci that are important for maintaining reproductive isolation.  
In this chapter, I develop a methodology for using these two approaches with 
population genomic data in hybridizing chickadees, in order to begin to identify genomic 
regions underlying reproductive isolation. Specifically, I employ a sequence-capture 
approach to enrich and sequence ultraconserved elements – thousands of highly 
conserved genomic regions shared among evolutionarily distinct taxa (Faircloth et al. 
2012)– in a subset of chickadee DNA samples collected from across the hybrid zone in 
Pennsylvania. By analyzing SNP variation in the flanking sequence of these 
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ultraconserved loci, I employ both genomic cline analysis and FST outlier analysis to 
begin identifying loci potentially underlying reproductive isolation. I further suggest 
avenues for future research to scale up this methodology to compare candidate 
reproductive isolation loci across geography.  
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METHODS 
Sampling 
 I used two chickadee DNA samples collected from each of four populations that 
span the hybrid zone in Pennsylvania (n=8 total; Fig. 4.1). I chose these populations in an 
effort to include the full range of genetic variation that one might encounter with a full 
sampling design across this hybrid zone. The southernmost population represents a 
mostly Carolina chickadee population, while the northernmost population represents a 
mostly black-capped population. The middle two populations are relatively admixed and 
are located within the hybrid zone (McQuillan et al. 2017, 2018; Fig. 4.1).  
 
Genomic Library Preparation 
  I first diluted genomic DNA from each sample to a concentration of 10 ng/uL and 
used 1uL for genomic library preparation. To prepare libraries, I followed a modified 
version of the Nextera sequencing library preparation protocol (Baym et al. 2015). In 
order to conserve Nextera index primers, I further modified this protocol by performing 
the index PCR step for 8 cycles (this step adds the unique Nextera barcodes to each DNA 
molecule), followed by amplification of the libraries via a 7-cycle reconditioning PCR 
step. For the reconditioning PCR, I used primers P1 (5′AATGATACGGCGACCACCGA 
3′) and P2 (5′ CAAGCAGAAGACGGCATACGA 3′). Because libraries prepared with 
Nextera kits show higher streptavidin affinity than traditional genomic libraries, and the 
sequence-capture protocol for enriching ultraconserved elements uses biotinylated RNA 
baits for sequence capture (see below), I needed to deplete my Nextera libraries of 
remaining streptavidin-binding molecules before I could proceed to the sequence-capture 
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step. To do this, I combined my libraries with 30 uL of streptavidin-coated magnetic 
beads (Dynabeads MyOne Streptavidin C1 Beads, Invitrogen), incubated the mixture at 
room temperature for 15 minutes, pelleted the beads using a magnetic particle collector 
(Alpaqua 96S super magnet plate), and removed and purified the supernatant. I then 
quantified all libraries using Qubit, and checked fragment size distributions with a 
Bioanalyzer on a High-sensitivity DNA chip (BioAnalyzer 2100, Agilent). Once I 
verified that fragment distributions were similar across my 8 libraries, I pooled libraries 
in equal-mass ratios (37.5 ng of each library, 300 ng total). I then dried down this library 
pool using a SpeedVac, and rehydrated the pool in 7 uL of sterile water for input into the 
sequence capture procedure. 
 
Sequence-capture of Ultraconserved Elements 
To enrich my DNA libraries for ultraconserved elements, I used the myBaits UCE 
tetrapod 5k kit (Arbor Biosciences), which uses an in-solution hybrid selection protocol 
to target ultraconserved loci (Gnirke et al. 2009). The kit contains 5,472 biotinylated 
RNA baits (each bait 120 bp in length) that target 5,060 ultraconserved loci across 
tetrapods. Briefly, the enrichment protocol involves heat-denaturing the sequencing 
libraries in the presence of adapter-specific blocking oligonucleotides, and then 
introducing and hybridizing the biotinylated RNA baits for several hours. Successfully 
hybridized bait-target molecules are then pulled out of solution with streptavidin-coated 
magnetic beads, cleaned, purified, and amplified via PCR for Illumina sequencing. This 
UCE bait set is known to regularly recover ~4000 loci in birds and reptiles, 2000-3000 
loci in mammals, and ~1000 loci in amphibians (Faircloth et al. 2012). I followed the 
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manufacturer’s protocol (v. 3.02) with the following modifications: I substituted the kit-
provided Human Cot-1 DNA (block #1) with chicken Cot-1 DNA (Applied Genetics 
Laboratories, Inc), and ran hybridization reactions at 65° C for 24 hours. After 
enrichment, I performed 18-cycle PCR to increase product yield using KAPA HiFi 
Polymerase (Kapa Biosystems) and the P1 and P2 primers mentioned above. Next, I 
performed size selection on my enriched, amplified library pool (400-700bp) via 2% 
agarose gel extraction. After I size selected the library pool, I checked quality and 
quantity of the pool via Qubit and Bioanalyzer. I then sent my library pool to the Cornell 
University Institute of Biotechnology for 150bp single-end sequencing on one lane of an 
Illumina Miseq.  
 
Bioinformatics/SNP Calling 
Raw sequence reads were de-multiplexed by the sequencing facility. I applied 
quality control measures (sequence trimming, adapter sequence contamination removal) 
to raw sequences using the program illumiprocessor, which is a wrapper script around the 
program trimmomatic (https://github.com/faircloth-lab/illumiprocessor). Next, I 
inspected cleaned reads with the program FastQC version 0.11.5 to verify the absence of 
adapter contamination and low-quality sequences. For the remainder of the 
bioinformatics analysis, I loosely followed the seqcap_pop pipeline, which uses tools 
from within the Phyluce package to analyze UCE sequence data within a population 
genomics framework (Faircloth 2016; https://github.com/mgharvey/seqcap_pop).  
First, I used Velvet (Zerbino and Birney 2008) and the wrapper program 
VelvetOptimiser (https://github.com/tseemann/VelvetOptimiser) to assemble reads de 
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novo from all 8 individuals into contigs (continuous sequences of DNA created by 
overlapping sequenced DNA fragments). Using VelvetOptimiser, I explored k-mer length 
values ranging between 45-95 in order to optimize the assembly process. Once I had an 
optimized assembly, I needed to determine how many of my assembled contigs 
corresponded to the UCE loci targeted in the sequence-capture procedure. To do this, I 
mapped my assembled contigs to the sequence-capture probe sequences using Phyluce 
(Faircloth 2016). This step creates a new file containing only contigs that map to unique 
UCE loci to serve as a reference genome. Next, I mapped the reads from each individual 
back to the contigs that matched UCE loci, using the program bwa (Li & Durbin 2009). I 
converted the resulting sam files to bam format using SAMtools (Li et al. 2009), and 
cleaned the bam files by soft-clipping reads outside of the reference contig sequence 
using Picard (https://broadinstitute.github.io/picard/). Using Picard, I then added read 
groups and marked PCR duplicates for each individual. I then merged bam files across all 
individuals using Phyluce. Using this merged bam file, I identified insertions/deletions 
and locally realigned these areas to minimize mismatched bases using the 
RealignerTargetCreator and IndelRealigner tools in the Genome Analysis Toolkit 
(GATK; McKenna et al. 2010). I then identified single nucleotide polymorphisms (SNPs) 
using the GATK UnifiedGenotyper tool, annotated SNPs with the GATK 
VariantAnnotator tool, and masked indels with the GATK VariantFiltration tool. I 
restricted my SNP dataset to only high-quality bases with a Q score >30, and performed 
read-backed phasing in GATK. This read-backed phasing tool uses a Bayesian 
framework to determine the most probable diploid genotype for each individual, based on 
the observed reads. I then output the SNP dataset to VCF file format, and restricted the 
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final SNP dataset to only biallelic loci using VCFtools (Denecek et al 2011). The final 
SNP dataset consisted of 12,079 biallelic SNPs. 
To calculate the depth of sequencing coverage at each nucleotide site along my 
assembled reference genome, I used the GATK DepthOfCoverage tool with my merged, 
indel-adjusted bam file. I used this tool to further calculate the percentage of nucleotide 
sites along the reference that had ³7x sequencing depth. 
 
Genomic Cline Analysis 
To examine patterns of introgression at each locus relative to the genome-wide 
background in my admixed populations, I performed genomic cline analysis using the 
program ‘bayesian genomic clines’ (bgc ver. 1.03; Gompert & Buerkle 2012b). This 
analysis relates the hybrid index of an individual (here, the proportion of P. carolinensis 
ancestry) to the probability that a locus exhibits ancestry from a designated parental 
population 1 (here, P. carolinensis is designated as population 1). Therefore, under the 
null model of introgression, the probability that a locus exhibits ancestry from parental 
population 1 is predicted by that individual’s hybrid index. In other words, as the hybrid 
index increases, the probability that a locus exhibits ancestry from P. carolinensis also 
increases.  
In bgc, clines for individual loci are described by two different parameters, a and 
b. The a parameter describes locus-specific increases or decreases in the probability of 
ancestry from population 1 from the base probability, which again is predicted by the 
individual’s hybrid index. Alternatively, the b parameter describes locus-specific 
increases or decreases in ancestry-based linkage disequilibrium from the base probability 
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(Gompert & Buerkle 2011b; Gompert et al. 2012b). Under the null model, the hybrid 
index of an individual perfectly predicts the probability of ancestry at each locus, and a 
and b both equal zero. However, if the probability that a locus displays ancestry from 
parental population 1 deviates significantly from that predicted by the hybrid index, the a 
and b parameters describing the genomic cline for that locus will differ significantly from 
zero (i.e. the confidence intervals for the genomic cline parameter will not include zero). 
These loci are considered genomic cline outliers, and are interpreted as loci displaying 
patterns of introgression that deviate from neutral expectations (Gompert & Buerkle 
2011b; Gompert et al. 2012b). More specifically, for this study, loci with nonzero 
estimates of genomic cline parameter a will display a significant increase (positive 
values of a) or decrease (negative values of a) in P. carolinensis ancestry relative to that 
predicted by the hybrid index. Alternatively, loci with nonzero estimates of cline 
parameter b will display a significant increase (positive values of b) or decrease (negative 
values of b) in the rate of transition from low to high probability of P. carolinensis 
ancestry as a function of the hybrid index. In other words, loci with positive b estimates 
will show excesses in ancestry-based linkage disequilibrium relative to neutral 
expectations (i.e. P. carolinensis locus-specific ancestry at a locus will be confined to P. 
carolinensis genomic backgrounds, or P. atricapillus ancestry at a locus will be confined 
to P. atricapillus genomic backgrounds), while negative b estimates indicate that 
ancestry at a given locus is not strongly associated with the genomic background.   
Simulation studies show that the a and b parameters for a given locus will vary in 
predictable ways, depending on the type of selection acting on a locus. For example, 
nonzero estimates of cline parameter a will result under directional selection, or when an 
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advantageous allele is favored in a foreign genetic background (Gompert et al. 2011b). 
Selection against hybrid genotypes, whether due to underdominance (selection against 
heterozygotes) or due to genetic incompatibilities involving many loci, will affect both a 
and b, but the effect on b will be more pronounced if selection is strong and gene flow is 
high. This latter scenario will lead to positive, nonzero estimates of cline parameter b, 
and matches what I would expect in the chickadee hybrid zone, where selection against 
hybrids is strong and migration into the hybrid zone is high. Therefore, I am most 
interested in comparing loci that have positive, nonzero estimates of cline parameter b 
across multiple hybrid zone transects. However, because demographic and stochastic 
processes can affect both a and b parameters simultaneously (Gompert & Buerkle 
2011b), comparing outliers of both cline parameters across geography will provide the 
most complete picture of how selection acts across multiple chickadee hybrid zones.  
When running the program bgc, I specified individuals from the Hickory Run 
population as pure black-capped (n=2) and individuals from the Peace Valley population 
as pure Carolina (n=2); these populations were used to calculate parental allele 
frequencies. I pooled individuals from the Jacobsburg and South Mountain populations 
(n=4 total) to represent my putatively admixed populations (Fig. 4.1). The bgc program 
uses MCMC to estimate marginal posterior probability distributions for the hybrid index 
for each individual as well as to estimate genomic cline parameters a and b for each 
locus. I ran the program with the genotype uncertainty model specified for 40,000 
generations, discarding the first 10,000 as burn-in, with a thinning parameter (-t) set to 2. 
The program command line was as follows: 
Analysis command line: bgc -a Parental0.input.txt -b Parental1.input.txt -h 
admixed1.txt -F admixed1 -O 2 -x 40000 -n 10000 -t 2 -p 1 -q 1 -N 1 -s 1 -I 0 -u 
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0.1 -g 0.08 -z 0.05 -e 0.02   
 
Posterior point estimate and 95% credible intervals for locus-specific 
genomic cline parameters command line:  
Alpha: estpost -i mcmcout.hdf5 -p alpha -o alphaest.txt -s 0 
Beta: estpost -i mcmcout.hdf5 -p beta -o betaest.txt -s 0 
Gamma: estpost -i mcmcout.hdf5 -p gamma-quantile -o gammaest.txt -s 0  
Zeta: estpost -i mcmcout.hdf5 -p zeta-quantile -o zetaest.txt -s 0 
 
FST Outlier Analysis 
In order to identify FST outlier loci, I used the program BayeScan (ver. 2.1; Foll & 
Gaggiotti 2008). This program uses a bayesian approach to identify candidate loci 
potentially under divergent selection based on allele frequency differences between 
populations. For this analysis, I only included individuals from the Hickory Run 
population (n=2) and the Peace Valley population (n=2) to represent pure black-capped 
and Carolina individuals, respectively (Fig. 4.1). I ran the program using default settings 
and a q-value threshold of 0.05, which corresponds to a false discovery rate <0.05. I 
further calculated genome-wide pairwise FST estimates between all pairs of populations 
based on my SNP dataset using the program GENEPOP ver. 1.0.5. 
 
Interpretation of Results 
Because these analyses were implemented on a dataset with a very small number 
of individuals (n=8), results should be interpreted with caution. Despite this caveat, these 
analyses can be interpreted as a proof of concept for scaling up to apply to a full hybrid 
zone transect sampling design (see Discussion and future directions).  
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RESULTS 
I obtained 19.5 million raw reads across the 8 chickadee individuals from one lane 
of an Illumina Miseq. The reference genome assembly created from these 8 chickadee 
individuals resulted in 6332 contigs with an average length of 618bp. Of these contigs, 
4163 (65.75%) matched to unique UCE loci, and I used this set of matching contigs as 
my reference genome. The total length of this reference was 2,923,642 bp with a mean 
locus length of 702 bp. Across the 8 individuals, the proportion of reads detected as PCR 
duplicates was high, with an across-individual average of 86%. Reads marked as 
duplicates are not counted towards sequencing depth or variant calling. Sequencing depth 
varied across the length of each assembled UCE locus (Fig. 4.2), with higher sequencing 
depth concentrated towards the core conserved region of each locus, and lower 
sequencing depth extending away from the core into the flanking sequence. Averaged 
across individuals, sequencing depth for all nucleotides across the entire length of the 
reference genome was 7.2X. The percentage of nucleotide sites in the reference that had a 
sequence depth of ³7x, averaged across individuals, was 40% (1,169,456bp). Using the 
assembled reference for aligning individual reads, I identified a total of 12,079 high 
quality, biallelic SNPs across the 8 individuals. If I restricted my SNP calling to identify 
just one SNP per UCE locus, the total number of SNPs was reduced to 3532. For 
simplicity, I present results based on the full 12,079 SNP dataset here. 
In the genomic cline analysis, I identified 380 loci (3.15%) that were outliers for 
genomic cline parameter a (i.e. the 95% credible interval did not include zero) (Figs. 
4.3a, 4.4a), and 400 loci (3.31%) that were outliers for genomic cline parameter b (Figs. 
4.3b, 4.4b). My results from the FST outlier analysis using BayeScan identified just two 
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outlier loci (locus # 11387 and # 11872). Neither of these FST outlier loci were identified 
as outliers for either cline parameter in the genomic cline analysis. Genome-wide FST 
values between populations varied in a predictable manner, with the most divergent 
populations being Peace Valley and Hickory Run (the southern and northernmost 
populations, respectively), and the least divergent populations being the two 
southernmost populations (Peace Valley and South Mountain) (Table 4.1).    
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FIGURES 
 
Fig. 4.1. Map of four sampling populations across the hybrid zone in eastern 
Pennsylvania. Two DNA samples from each population were used for preparing genomic 
libraries and UCE enrichment/sequencing. Approximate location of hybrid zone shown 
as red band. 
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Figure 4.2. Sequencing depth of sites (averaged over the 8 chickadee individuals) along 
four randomly chosen UCE loci from the assembled reference genome. Note differing 
axes between plots. In general, coverage is higher near the UCE core, and lower towards 
the flanking sequence. 
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Figure 4.3. Locus-specific Bayesian genomic cline parameters for each of the 12079 
SNPs. (a) Bayesian genomic cline parameter a and (b) b. Outlier loci (loci for which the 
95% credible interval does not include zero) are marked with a red ‘x’ (x’s at top of 
figure indicate outliers with positive cline parameter values, while x’s at bottom indicate 
negative outliers).  
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Figure 4.4. Estimated genomic clines for all 12,079 loci. Each line represents the 
genomic cline for a single locus. In (a), black lines represent loci for which the 95% CI of 
a does not include zero (i.e. a outliers). Panel (b) is the same plot, but black lines 
represent loci for which the 95% CI of b does not include zero (i.e. b outliers). Grey lines 
indicate loci for which the 95% CI’s of both a and b include zero. The white dashed line 
gives the null expectation of introgression, where the hybrid index equals the probability 
of P. carolinensis ancestry. 
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Fig. 4.5. Actual and proposed transects along the chickadee hybrid zone for which DNA 
samples exist – (1) Pennsylvania, (2) Virginia, (3) West Virginia, (4) Ohio, and (5) 
Missouri.  
 
 
Fig. 4.6. Sampling locations for 77 UCE-enriched DNA libraries sent out for sequencing 
on March 20, 2018. Sample sizes: Potter County n=4, Hickory Run n=9, Jacobsburg 
n=15, South Mountain n=19, Nockamixon n=11, Peace Valley n=12. Not shown: St. 
Charles County, LA n=7.   
 
 
1.
2.
3.
4.
5.
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TABLES 
Population South Mountain Peace Valley Jacobsburg 
Peace Valley 0.0162 - - 
Jacobsburg 0.1028 0.2461 - 
Hickory Run 0.1042 0.2656 0.0798 
 
Table 4.1. Genome-wide pairwise FST estimates between all pairs of populations, 
calculated in GENEPOP.  
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DISCUSSION 
 In this chapter, I develop a theoretical and methodological background for 
addressing the question of whether the genomic architecture underlying reproductive 
isolation is consistent across geography. I show that sequencing ultraconserved elements 
in hybridizing chickadees uncovers ample levels of genetic variation for performing 
various population genomics analyses and that these data can be used to examine locus-
specific patterns of introgression and differentiation. In this discussion, I focus on ways 
that this technique can be applied in the future to DNA samples from multiple chickadee 
hybrid zones in order to understand how the genomic basis of reproductive isolation 
varies across space. 
 In the future, this technique should be applied to multiple chickadee hybrid zone 
transects for which DNA samples exist (Fig. 4.5). In addition to our Pennsylvania 
transect which was sub-sampled here, additional available samples comprise a transect 
from Missouri (Braun & Robbins 1986; Robbins et al. 1986), Ohio (Bronson et al. 2005), 
and two transects from the Appalachian Mountains in Virginia and West Virginia (Sattler 
& Braun, 2000) (Fig. 4.5). In fact, I have begun the process of scaling up this project; on 
March 20, 2018, I sent an additional 77 UCE-enriched DNA libraries from the 
Pennsylvania transect to Princeton University’s Lewis-Sigler Institute for Integrative 
Genomics for 150bp single-end sequencing on an Illumina HiSeq2500 machine (Fig. 
4.6). By combining results from the Pennsylvania transect with the other four transects, 
we will be able to thoroughly address the question of whether the genomic basis of 
reproductive isolation varies across geography. Specifically, future work should compare 
sets of loci that are identified as a and b genomic cline outliers among transects. Sets of 
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loci identified as FST outliers should also be compared across transects. Loci that show 
consistent patterns of introgression (i.e. that are identified as genomic cline outliers in all 
5 transects) or differentiation (i.e. are identified as FST outliers in all 5 transects) are likely 
to be particularly informative candidate loci underlying reproductive isolation or extreme 
patterns of introgression. Further work could begin to identify the functional significance 
of these genomic regions. While it is not necessary for a locus to be identified as a both a 
genomic cline outlier as well as an FST outlier for it to be of interest, any loci identified as 
such and that exhibit this pattern across all 5 transects would represent especially 
promising candidates for loci experiencing selection. For example, simulations and 
empirical work show that adaptive divergence between species is likely to result in 
significant locus-specific associations between nonzero a cline parameter estimates and 
elevated FST values (Gompert & Buerkle 2012b).  
Here, I found no overlap among loci that were identified as genomic cline and FST 
outliers. However, this is not surprising given that the success of both analyses is 
contingent on accurately estimating allele frequencies for pure-species populations, 
which was done using only two individuals per species here. I further predicted that the 
majority of my genomic cline outliers would have positive, nonzero estimates for cline 
parameter b, and that these loci would be particularly informative as reproductive 
isolation candidates. This prediction is based on simulation studies showing that positive 
b values are likely to result when selection against hybrids is strong and gene flow is high 
(Gompert et al. 2011a,b). As hybrid chickadees suffer reduced hatching success (Bronson 
et al. 2003b, 2005) and cognitive deficiencies (McQuillan et al. 2018), and migration into 
the hybrid zone is likely high in the form of northward movement (Taylor et al. 2014a; 
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McQuillan et al. 2015), this scenario matched my expectations for the chickadee system. 
However, I identified more loci that were negative b outliers (254 loci) than positive b 
outliers (146 loci) (Figs. 4.3b, 4.4b). Again, these results should be interpreted with 
caution, given the small sample sizes. When comparing results across transects in the 
future, particular attention should be paid to loci that are consistently identified as 
positive b outliers.  
Loci that instead show inconsistent patterns of introgression or differentiation (i.e. 
that are identified as genomic cline or FST outliers in four or fewer transects) could also 
be informative. As noted in the introduction, patterns of introgression and differentiation 
could vary among transects due to differential selective pressures resulting from variation 
in exogenous, environmental factors, or due to genetic variation within each parental 
species. Either way, comparing patterns of introgression and differentiation across these 5 
hybrid zone transects would, to my knowledge, represent the most geographically 
extensive genomic analysis of a hybrid zone. In addition, because sequence-capture 
approaches have been shown to work well with degraded and historical DNA samples 
(Lim & Braun 2016; McCormack et al. 2016), this approach offers even more potential 
avenues for future inquiry. For example, chickadee DNA from historical museum 
specimens could be included at each hybrid zone transect, and comparisons could be 
made between different time-points at each transect. This would also allow for an 
examination of historical hybrid zone movement dynamics across the length of the zone 
(sensu Taylor et al. 2014b).  
 Since their discovery, ultraconserved elements have been used extensively as 
phylogenetic markers in studies aiming to resolve evolutionary relationships among non-
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model taxa where other genomic resources are limited (McCormack et al. 2012; Faircloth 
et al. 2012, 2013, 2015; White et al. 2017). Fewer studies have used these markers in a 
population genomics framework or to examine hybridization dynamics between species 
(Smith et al. 2014; Harvey et al. 2016; Oswald et al. 2016). Despite their widespread 
usage, researchers are just beginning to understand the functional significance of these 
ultraconserved regions. While most ultraconserved loci show no evidence of protein-
coding function, they are associated with gene regulation and expression during early 
development (Pennacchio et al. 2006; Visel et al. 2008). Interestingly, a recent study in 
mice found that knockouts of UCE loci result in neurological growth abnormalities and 
structural brain defects (Dickel et al. 2018). For this reason, these markers may be a 
particularly useful starting point for understanding loci important for maintaining 
reproductive isolation in chickadees, given the cognitive deficiencies I identified in 
hybrids (see chapter 3; McQuillan et al. 2018).  
 In sum, in this chapter I develop the theoretical and methodological basis for 
testing whether the genomic architecture of reproductive isolation is consistent across 
geography. I do this for a pair of hybridizing chickadees that share an extremely long 
zone of contact that likely passes through a diversity of ecological, environmental, and 
climatic contexts. The results gained from the future application of this work will 
therefore have the potential to provide fundamental insights regarding the evolution of 
reproductive isolation and the maintenance of species boundaries. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 
  
In this dissertation, I took a highly integrative approach to explore three different 
aspects of natural hybridization between two chickadee species. In each of these chapters, 
I made inferences about the role hybridization plays in the speciation process. First, I 
used species distribution modeling techniques to tease apart the relative importance of 
biotic and abiotic factors in regulating chickadee distribution patterns and determining 
why the hybrid zone exists where it does. Next, I examined the potential for learning and 
memory to play a role in selection against hybrids. Finally, I laid the groundwork for 
examining whether the genomic architecture of reproductive isolation varies across 
geography. Each of these chapters could lead to many diverse avenues for future 
research, which I expand on here. 
In chapter two, where I examined the biotic and abiotic drivers of chickadee 
distribution patterns, I found an interesting contrast between the climatic mechanisms 
operating at the eastern and western parts of the hybrid zone that could spur future 
studies. Future work should test my prediction that northward hybrid zone movement is 
likely to be less drastic at the western half of the hybrid zone than in the east. This could 
be done with genomic techniques, by comparing any shift in geographic clines between 
historical (Braun & Robbins 1986; Robbins et al. 1986) and contemporary DNA samples 
collected across the hybrid zone in Missouri. This was done successfully in Pennsylvania, 
where Taylor et al. (2014a) found that the average geographic cline center for a genome-
wide SNP dataset was located ~11.5km farther north in 2012 than it was in 2002. This 
could easily be done in the Missouri transect, assuming contemporary samples are 
 124 
collected from the exact same geographic locations as the historical ones. Another 
opportunity for future work on the distribution modeling project would be to project 
climatically suitable habitat for both chickadee species onto predicted climatic conditions 
from the past. For example, the WorldClim database (worldclim.org) now contains high 
resolution, global climate data for the mid-Holocene (~6000 years ago) and the last 
glacial maximum (~22,000 years ago). By taking chickadee distribution models 
constructed under contemporary climate conditions, and then projecting them onto these 
past climates, one could begin to reconstruct the ancestral niches of these two species, 
and potentially examine historical hybrid zone formation and movement dynamics. 
Chapter three, where I compare learning and memory abilities between pure-
species and hybrid birds, also offers numerous avenues for future research. As a first step, 
it should be determined whether the cognitive differences I found are due to heritable 
genetic factors or to differences in life experience. For example, hybrids might 
experience different social environments than pure-species birds, and this could affect 
cognitive ability. In Australian Magpies, individuals that lived in large social groups 
performed better on associative, spatial, and reversal learning tasks than birds from small 
social groups, suggesting that an individual’s social environment promotes cognitive 
development (Ashton et al. 2018). To tease apart genetic and environmental influences on 
cognition, pure-species and hybrid chickadees could be raised under identical 
environmental conditions, and then subjected to cognitive tests as adults. If differences 
between ancestry groups still persist, then it is likely that these traits result from heritable, 
genetic factors. Additionally, future work should focus on measuring chickadee cognitive 
performance in the wild, as opposed to in a captive setting as used here. This would 
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relieve any concerns about captivity-induced stress, which can affect cognitive 
performance (Cauchoix et al. 2017). For example, Croston et al. (2016, 2017) tagged wild 
mountain chickadees (Poecile gambeli) with passive integrated transponder (PIT) tags, 
and measured spatial and reversal learning abilities in the wild using a spatial 
arrangement of radio frequency identification (RFID)-based feeders. Such an approach 
would be relatively easy to implement in the chickadee hybrid zone, and would allow for 
assaying greater numbers of birds than is possible in a captive setting. More generally, 
future work should examine other forms of cognition in chickadees that I was unable to 
test here, including memory retention ability, reversal learning ability, and memory 
flexibility, which have been shown to vary both within and between species, and are 
likely important components of fitness (Tello-Ramos et al. 2018).  
In chapter 4, where I examine the potential for the genomic architecture 
underlying reproductive isolation to vary across geography, many possible future 
directions were discussed previously. In general, the technique I presented should be 
applied to multiple hybrid zone transects. A key application of this work is that sequence-
capture approaches like the one used here can be used to confidently sequence 
homologous loci across many geographically distant populations. This can be important 
when the focal species contains high levels of genetic variation, or when one is trying to 
sequence the same genomic regions in divergent species. It is likely that a sequence 
capture approach would be more successful in this regard compared to other genotype-
by-sequencing (GBS) approaches, like RADseq (Davey et al. 2013). In RADseq, for 
example, genetic divergence between populations could result in lost restriction sites and 
an associated drop-out of those alleles. Sequence capture approaches do not face this 
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challenge, and therefore can provide unique opportunities to begin to understand 
hybridization dynamics in species that share very long zones of contact, or where genetic 
variation in populations across the range is high. 
In sum, these dissertation chapters examine the role of hybridization in the 
speciation process, using a variety of methodologies. As this work integrates climate 
modeling techniques, animal behavior experiments, and genomics, this work will pave 
the way for many avenues of future research in the fields of ecology, evolution, 
behavioral ecology, cognitive ecology, and evolutionary genomics.  
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SNP-RFLP markers for quick genotyping within the black-capped (Poecile atricapillus) and 
Carolina (P. carolinensis) chickadee hybrid zone. Conservation Genetics Resources 9(2): 261-
264. 
Rice, A.M., McQuillan, M.A., Seears, H.A. & Warren, J.A. 2016. Population differentiation at 
a regional scale in spadefoot toads: Contributions of distance and divergent selective 
environments. Current Zoology 62(2): 193–206. 
McQuillan, M.A. & Rice, A.M. 2015. Differential effects of climate and species interactions 
on range limits at a hybrid zone: Potential direct and indirect impacts of climate change. 
Ecology and Evolution 5(21): 5120-5137. 
RESEARCH FUNDING: 
Marjorie M. Nemes Fellowship, Lehigh University – Fellowship provided stipend support 
for Fall 2017 semester.  
Lehigh University Doctoral Travel Grant for Global Opportunities ($750) – Grant funded 
travel to the annual Animal Behavior Society meeting in 2017, held in Toronto, Canada. 
Animal Behavior Society Student Research Grant: George W. Barlow Award ($2000) – A 
test of Spatial Memory Ability as a Reproductive Isolating Barrier. March 2016. 
Sigma Xi Grant-In-Aid of Research ($700) – A Test of Spatial Memory Ability as a 
Reproductive Isolating Barrier. December 2015. 
Gordon C. Thorne Fellowship, Lehigh University – Fellowship provided stipend support for 
Spring 2016 semester. 
Lehigh University Doctoral Travel Grant for Global Opportunities ($1000) – Grant funded 
travel to the Society for the Study of Evolution annual meeting in 2015, held in Guaruja, Brazil. 
Tuition and Travel Scholarship ($1725) - Summer Institute in Statistical Genetics. Seattle, 
Washington. July 2013. 
TEACHING EXPERIENCE: 
Teaching Assistant – Department of Biological Sciences, Lehigh University, August 2012 – 
May 2018. 
Courses Taught:  
• Biology Core I: Cell and Molecular Biology Lab – Spring 2013, Spring 2014, Spring 2015, 
Spring 2017, and Spring 2018. 
• Biology Core II: Genetics Lab – Fall 2012, Fall 2013 & Fall 2015. 
• Evolution – Fall 2014. Lead review sessions, graded exams and guest lectured. 
• Biology Core III: Integrative and Comparative Biology – Fall 2014, Spring 2015 & Fall 
2015. Lead review sessions, wrote exams and guest lectured. 
Guest Lecturer: 
• Invited Speaker: Animal Behavior – DeSales University undergraduate class, March 2018. 
Lecture covered the concept of fundamental and realized ecological niches. 
• Invited Speaker: Animal Behavior – DeSales University undergraduate class, March 2016. 
Lecture  covered the role of spatial memory ability in food caching birds, and its potential 
role in reproductive isolation. 
• Core III: Integrative and Comparative Biology – Lehigh University undergraduate class, 
February 2015. Lecture topic covered the role of natural hybridization in speciation. 
• Evolution – Lehigh University undergraduate class, October 2014. Lecture covered 
adaptation of complex traits and the evolution of gene regulatory networks. 
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PRESENTATIONS AT NATIONAL AND INTERNATIONAL MEETINGS: 
• Hybrid Deficiency in Learning and Memory: A Novel Reproductive Isolating Barrier? 
McQuillan, M.A. & Rice, A.M. Society for the Study of Evolution Annual Meeting. 
Portland, Oregon, June 24, 2017. Poster. 
• Testing the Potential for Cognitive Ability to Act as a Reproductive Isolating Barrier. 
McQuillan, M.A., Roth, T.C., & Rice, A.M. Animal Behavior Society Annual Meeting. 
University of Toronto, Scarborough, June 16, 2017. Oral. 
• Testing the Role of Cognitive Ability as a Reproductive Isolating Barrier. McQuillan, M.A., 
Roth T.C., & Rice, A.M. Society for Integrative and Comparative Biology Annual Meeting. 
New Orleans, Louisiana, January 7, 2016. Poster. 
• Differential Effects of Climate and Species Interactions on Range Limits at a Hybrid Zone. 
McQuillan M.A and Rice A.M. Society for the Study of Evolution Annual Meeting. Guaruja, 
Brazil, 2015. Oral. 
• Differential Effects of Climate and Species Interactions on Range Limits at a Hybrid Zone: 
Potential Direct and Indirect Impacts of Climate Change. McQuillan M.A and Rice A.M. 
Gordon Research Conference on Speciation. Ventura, California, March 2015. Poster. 
• Climate and Interspecific Interactions Affect Distribution Patterns Differently in Two 
Hybridizing Songbird Species. McQuillan M.A. and Rice A.M. Society for the Study of 
Evolution Annual Meeting. Raleigh, North Carolina, 2014. Poster. 
• Molecular Evolution of lynx1, a Gene Involved in Learning. Warren J.A, McQuillan M.A., 
Anderson K., Fox T., Botello J., Miwa J., Rice A.M. Society for the Study of Evolution 
Annual Meeting. Raleigh, NC, 2014. Poster. 
PRESENTATIONS AT LOCAL AND REGIONAL MEETINGS: 
• Testing the Potential for Cognitive Ability to Act as a Reproductive Isolating Barrier. 
McQuillan, M.A., Roth, T.C., & Rice, A.M. Evolution in Philadelphia Conference (EPiC). 
University of Pennsylvania, Philadelphia, April 15, 2017. Oral. *Won 3rd place for best 
student talk. 
• Testing the Potential for Cognitive Ability to Act as a Reproductive Isolating Barrier. 
McQuillan, M.A., Roth, T.C., & Rice, A.M. Lehigh Valley Ecology and Evolution 
Symposium. DeSales University, April 8, 2017. Oral. *Won prize for best graduate 
student talk. 
• Testing the Role of Cognitive Ability as a Reproductive Isolating Barrier. McQuillan, M.A. 
Lehigh University Department of Biological Sciences Colloquium Seminar Series. October 
13, 2016. Oral. 
• A Test of Spatial Memory as a Reproductive Isolating Barrier. McQuillan M.A., Roth T.C., 
and Rice A.M. Lehigh Valley Ecology and Evolution Symposium. April 16, 2016. Oral. 
*Won prize for best graduate student talk. 
• A Test of Spatial Memory as a Reproductive Isolating Barrier. McQuillan M.A., Roth T.C., 
and Rice A.M. Lehigh Valley Chapter: Sigma Xi. February 26, 2016. Oral. 
• Differential Effects of Climate and Species Interactions on Range Limits at a Hybrid Zone. 
McQuillan M.A and Rice A.M. Lehigh Valley Ecology and Evolution Symposium. 
Muhlenberg College, April, 2015. Oral. *Won runner-up for best graduate student talk.  
• Using Niche Models to Determine the Effect of Climate on Range Dynamics in Two 
Songbird Species. Presentation to the Lehigh University Department of Biological Sciences. 
April 29, 2014. Oral. 
• Natural Variation in Genes Controlling Learning Potential. McQuillan M.A., Anderson K., 
Miwa J., and Rice A.M. Presentation to the Lehigh University Department of Biological 
Sciences, Lehigh University, Bethlehem, PA, June 27, 2013. Oral. 
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• Habitat Degradation May Drive Hybridization Among Caribbean Damselfish. McQuillan M. 
A., Itzkowitz M., and Rice A. M. Presentation at the Lehigh Valley Ecology and Evolution 
Symposium, Lafayette College, Easton, PA, April 20, 2013. Oral. 
• Ecosystem Engineers Shape Biodiversity Patterns by Providing Structural Refuge in Marine 
Epifaunal Communities. McQuillan M.A. and Freestone, A.L. Temple University 
Undergraduate Poster Session, July 30, 2010 and the Temple University Undergraduate 
Research Symposium, September 27, 2010. Poster. 
SCIENTIFIC OUTREACH: 
Rural PA High School Visit – Visited Biglerville High School to talk with all 9th grade 
biology classes about evolution and natural selection. Conducted hands-on demonstrations of 
evolution by natural selection, and presented information about conducting field ecology 
research. November 2014, November 2015, January 2017, and January 2018. 
Bird Banding Demonstration for Undergraduate Science Majors – Banded live-caught 
birds and demonstrated techniques used in ecological research to a university undergraduate 
ecology class, as well as a university conservation biology class. Jacobsburg State Park, 
October 2016. 
Lehigh Valley Greenways Festival at Jacobsburg State Park – Set up and staffed a public 
display concerning songbird hybridization research ongoing at Jacobsburg State Park. 
September 2015. 
Broughal Middle School BioFair – Presented hands-on demonstrations of research-based 
scientific concepts to middle school students. Conducted hands-on demonstrations of evolution 
by natural selection, using Darwin’s Finches as an example. Bethlehem, Pennsylvania, March 
2014. 
Jacobsburg State Park Bird-banding Demo – Demonstrated songbird banding and research 
concepts concerning natural hybridization to the general public. Jacobsburg State Park, 
Pennsylvania, March 2014.  
Darwin Day Roadshow – Participated in a National Evolutionary Synthesis Center (NESCent) 
funded effort to visit underserved high schools in rural Pennsylvania, to present information 
about Charles Darwin and evolutionary biology. Visited Biglerville High School and York 
Country Day School and conducted hands-on demonstrations of evolutionary biology concepts. 
February 2014.  
WORKSHOPS AND SHORT COURSES: 
Workshop on Functional Ecological Genomics – May 2017. Lacawac Sanctuary Biological 
Field Station, Lake Ariel, PA.  
Summer Institute in Statistical Genetics – July 2013. University of Washington, Seattle, WA. 
PROFESSIONAL AFFILIATIONS: 
Society for the Study of Evolution. Member. 2012—Present. 
Sigma Xi. Member. 2015—Present. 
Animal Behavior Society. Member. 2015—Present. 
 
